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Project Participants
Senior Personnel
Name: Solouki, Touradj
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Touradj Solouki
Role: The Principle Investigator (PI) was involved in all educational/training and research aspects of the NSF project.
Effort: 100% for the duration of the NSF project
Work Done: Supervised/mentored/trained graduate and undergraduate students, a postdoctoral researcher, and a technician. The PI
directed all research activities and was closely involved in designing the cryofocuser and interfacing it to the Gas Chromatograph
Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (GC/FT-ICR MS). The PI was also involved in method
development, data collection, data analysis, computer programming, and manuscript preparation. The PI attended various
professional conferences {e.g., American Chemical Society (228th ACS national meeting), American Society for Mass
Spectrometry (51st and 52nd ASMS conferences), and the 4th North American FTMS meeting} to disseminate knowledge and
exchange scientific ideas with peers from closely related and diverse disciplines. As an invited speaker, Professor Solouki
presented results from the NSF funded activities at several research and educational institutions {e.g., Boston University School of
Medicine (Boston, MA), Bowdoin College (Brunswick, ME), Case Western Reserve University, Institute of Pathology (Cleveland,
OH), University of Maine, Department of Chemical Engineering (Orono, ME), University of Massachusetts Amherst (Amherst,
MA)}.

Post-doc
Name: Szulejko, Jan
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Jan E. Szulejko
Role: Postdoctoral research associate
Effort: 100% for the duration of the project
Work Done: Dr. Szulejko was involved in various aspects of educational and research activities. His responsibilities included the
design and installation of the cryofocuser, data collection, and data analysis. Dr. Szulejko also contributed to student training on
the operation of the instrument and data analysis. He also assisted the PI in manuscript preparation and presented research results at
the American Society for Mass Spectrometry (ASMS) conferences. Dr. Szulejko was also responsible for the daily operation of the
Gas Chromatograph Fourier Transform Ion Cyclotron Resonance Mass Spectrometer.

Graduate Student
Name: Luo, Zhaohui
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Zhaohui Luo
Role: Graduate Student - Teaching/Research Assistant
Effort: 20% for the duration of the NSF project ûZhaohui was supported by the University of Maine and through a teaching
assistantship scholarship.
Work Done: Zhaohui was involved in developing GC/FT-ICR MS analysis methods for studying complex sample mixtures such as
petroleum products and human exhaled breath. He also used GC/FT-ICR MS to detect chlorinated disinfection byproducts in
drinking water. His research projects can be divided into two main categories. The first category involves the use of GC/FT-ICR
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MS ultrahigh mass-resolving power and ultrahigh mass measurement accuracy (MMA) coupled with the MIST capabilities to
identify unique bio- and geo-markers. The second category involves the use of multidimensional GC/FT-ICR MS. Conventional
GC/MS provides data in two dimensions; namely, the analytes' GC retention times (RT) and their molecular masses. Research
activities supported by the NSF enabled us to improve analytical resolution in the molecular mass dimension as well as to
introduce other analysis dimensions such as ionization energy, proton affinity, and various thermochemical characteristics. For
example, in the heterodyne mode of FT-ICR MS, we have been able to acquire the highest mass resolving GC/MS; this data has
been presented at a national meeting and a manuscript has been prepared for submission to the journal of Analytical Chemistry.
Moreover, Zhaohui has been able to use proton affinities to distinguish closely related organic isomers that were present in
gasoline samples. These efforts are significant analytical improvements and will provide us the analytical capabilities necessary to
characterize and/or fingerprint complex biological and geochemical sample mixtures.
Name: Graham, LeRae
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: LeRae B. Graham
Role: Graduate Student - Teaching/Research Assistant
Effort: 10% for the duration of the NSF project û LeRae's stipend was provided by the University Graduate Research Assistantship
(UGRA).
Work Done: The main focus of LeRae's project is on using gas-phase H/D exchange chemical reactions and electrospray FT-ICR
mass spectrometry for conformational analysis of biomolecules. In support of the NSF related projects, a minor component of
LeRae's research focused on developing electron impact (EI) mass spectral techniques to differentiate organic isomers. LeRae has
coauthored refereed poster presentations as well as a journal article that acknowledge the financial support from NSF.
Name: Silwal, Indira
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Indira Silwal
Role: Graduate Student - Teaching/Research Assistant
Effort: <5% for the duration of the NSF project - Indira is supported by the university and through teaching assistantship
scholarship.
Work Done: Indira is starting her second year of graduate work in our group. She is using the GC/FT-ICR MS to investigate types
and sources of the disinfection byproducts in treated drinking water. Her project involves the use of GC/FT-ICR, MIST, and
solvent extraction methods to identify disinfection byproducts from treated drinking water and natural water sources at the
molecular level. Her research is designed to answer two fundamental questions: 1) are disinfection byproducts present in natural
waters such as lakes and rivers? 2) can we improve/modify the current water treatment techniques to reduce the number and
concentrations of the disinfection byproducts present in our drinking water? To answer questions one and two, we are collaborating
with the researchers at the Maine Water Resources Research Institute.

Undergraduate Student
Name: Bennett, Justin
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Justin B. Bennett
Role: Undergraduate Research Assistant
Effort: 20% for Fall 2002 and Spring 2003 semesters - Funding for Justin's support was procured from the Work Merit program at
the University of Maine.
Work Done: Successfully designed and installed a high-magnetic field compatible heating jacket for the ultra high vacuum (UHV)
chamber and acquired data from the newly constructed preconcentrator GC cryofocuser FT-ICR MS. Justin learned how to use
modern mathematical programming tools and chemical kinetics to decipher intrinsic properties of closely related isomers in their
ground and vibrationally excited states. With travel and registration funds from the Honors College at the University of Maine and
the NSF-National High Magnetic Field Laboratory (NHMFL), Justin was able to present his research findings at the 4th North
American FT-ICR Conference. This conference was held at Berkeley's Marconi Conference Center during April 3-6th, 2003.
Justin was among the undergraduate students presenting at this very important academic and highly educational meeting and the
title of his poster presentation was 'Differentiation of Selected Terpene Isomers Based on Metastable Decay and Ion-molecule
Reactions'. Justin is a coauthor of an ASMS poster presentation and a journal article (J. Am. Soc. Mass Spectrom. 2004, 15,
1191-1200). For his NSF supported research work on GC/FT-ICR MS, Justin was selected as the Outstanding Graduating Student
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in the College of Liberal Arts and Sciences at the University of Maine in Orono (May 2003). The title of Justin's thesis was
'Improvements to PC/GC/FT-ICR Mass Spectrometry Performance'. Justin has accepted an offer from his top choice for the
medical school and is currently attending the Dartmouth Medical School in Hanover, NH.
Funds from the NSF were used to purchase cryogens (liquid Helium and liquid Nitrogen) for the superconducting magnet and
other necessary chemical reagents that are required for successful operation and maintenance of our FT-ICR MS system. The
following students were not involved with the cryofocuser design or interface to GC/FT-ICR MS system but their projects
benefited from the NSF funding through instrument availability and method development efforts supported by the NSF.
Name: Apatu, Emma
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: Emma J. I. Apatu
Role: Undergraduate Summer Research Assistant û from the University of Maine at Machias
Effort: <5% - Funding for Emma's support (Summer 2003 and Summer 2004 sessions) was procured from the Maine's Biomedical
Research Infrastructure Network (BRIN) summer research fellowship program.
Work Done: In her electrospray ionization (ESI) studies, Emma utilized the FT-ICR superconducting magnet that was maintained
by using the NSF financial support. Results from Emma's research were presented at the Mount Desert Island Biological
Laboratory, BRIN's annual meetings, in Salisbury Cove, ME. The title of her poster presentation was 'Conformational Analyses of
a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions'. Through the use of opportunities offered
by the New England Board of Higher Education (NEBHE), Emma presented her findings at the Massachusetts Institute of
Technology (MIT) on October 4, 2003. The NEBHE diversity program is designed to address the unique needs and concerns of
New England students that are traditionally underrepresented in science, technology, engineering, and mathematics (STEM)
disciplines. Emma also presented her research findings at a 'Minority Trainee Research Forum' held at the Fairmont Turnberry Isle
Resort & Club in Adventura, Florida (September 2004).

Technician, Programmer
Name: LaBrecque, David
Worked for more than 160 Hours:
Yes
Contribution to Project:
Name: David LaBrecque
Role: Instrumentation specialist
Effort: 10% for the duration of the NSF project - Mr. LaBrecque is a full time employee of the University of Maine; his salary
during the project period was supported by the university.
Work Done: Mr. LaBrecque was involved in designing and building electronic circuits to pulse heat the cryofocuser element. Mr.
LaBrecque helped to design various electronic circuits for cryofocuser interface as well as evaluating the efficiency of cryofocuser
element heating/cooling cycles. He also assisted the PI in improving the Mass Identification Smart Tool (MIST) software program
capabilities.

Other Participant
Research Experience for Undergraduates
Organizational Partners
Health Services - Cutler Health Center
Our collaborators, Dr. Mark Jackson (Director, MD) and Ms Sally K. Hall, have contributed significantly to our efforts to use GC/FT-ICR MS
and differentiate cultured bacteria based on volatile metabolic waste products. The personnel, expertise, and Cutler Health Center facilities were
used to select appropriate media and grow bacteria. We were able to differentiate the two common bacteria, Streptococcus pyogenes and
Pseudomonas aeruginosa, based on the presence of unique biomarkers in their volatile metabolic waste product (VMWP). Acetaldehyde was
not present in VMWP of Pseudomonas aeruginosa but a significant amount of it was observed in VMWP of Streptococcus pyogenes.
Conversely, the observed concentration of methylmercaptan in Pseudomonas aeruginosa VMWP was about 6 times higher than that of
Streptococcus pyogenes VMWP. Ethanol was present in the gas-phase background from the agar culture media and its concentration was
variable. Acetone was only detectable from Streptococcus pyogenes VMWP samples. A manuscript on biomedical applications of GC/FTICR
MS is in final stages of preparation and will be submitted to Applied and Environmental Microbiology.
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BRIN-Maine
Maine's Biomedical Research Infrastructure Network (BRIN): With the financial support from the National Center for Research Resources and
National Institutes of Health (NIH) through the BRIN's program, we were able to enhance the impact of NSF funding and provide research
training for an undergraduate student, from traditionally underrepresented groups in science. The NSF funding was used to purchase cryogens
that are necessary to maintain our GC/FT-ICR mass spectrometer's 7 tesla superconducting magnet. This superconducting magnet was shared
with an electrospray mass spectrometer and was used by Emma Apatu for her summer research program. Ms Emma Apatu, an undergraduate
student from the University of Maine at Machias, is pursing her dream of becoming a medical doctor. Availability of cutting edge techniques as
well as modern instruments and facilities are crucial elements to attract, train, and retain talented qualified young scientists. Funding from the
NSF had a significant positive impact on the PI's professional development and boosted our ability to participate in various outreach activities
such as BRIN and other undergraduate research programs.
The Ontario Ministry of Environment
The Ontario Ministry of Environment in Canada: A solvent extracted water sample solution containing disinfection byproducts was submitted
to us by the Ontario Ministry of the Environment in Canada to confirm the molecular identities of the analytes present in a treated water
sample. We were able to confirm the identities of their EI fragment ion assignments (i.e., unknowns identified with the MMA of less than 5
ppm). However, some of the observed ions exhibited MMA > 250 ppm and revealed that the original CI product ions were different than what
we observed under our high resolution GC/FT-ICR MS conditions. Once we used our MIST program and the preliminary GC/FT-ICR mass
spectral data, we were able to correctly assign and identify the observed ions. All GC/FT-ICR MS assigned species showed MMA < 5 ppm and
confirmed validity of the assignments. This novel high resolution GC mass analysis of disinfection byproducts would not have been possible
without the financial support from NSF.

Other Collaborators or Contacts
Boston University Medical Center (BUMC): We are interested to use our GC/FT-ICR MS for noninvasive characterization of human exhaled
breath and identification of novel biomarkers of chronic obstructive pulmonary disease (COPD) and other illnesses. The researchers at the
Boston University Pulmonary Center and Department of Biochemistry {Dr. George O'Connor (MD, MS) and Dr. Bob Walter (MD, MPH)} are
also interested to explore the potential advantages of GC/FT-ICR MS approach in identifying COPD biomarkers. We have discussed the
research design and implementation of our collaborative projects and visited the facilities available to both groups. The NSF funding has
enabled us to improve our detection limit and mass resolving power and remain at the forefront in this field. Hence, we are now in a better
position to procure federal funding and examine our hypothesis that smokers and former smokers with COPD may exhibit higher levels of
biomarkers of inflammation and oxidative stress.

Maine Water Resources Research Institute: The assessment of source water quality and disinfection byproducts requires ultrahigh
mass-resolving power and mass measurement accuracy. The NSF funding has enabled us to break the world record GC mass resolving power
and initiate collaboration with the researchers at the University of Maine's Mitchell Center for Environmental & Watershed Research to address
potential problems with the disinfected drinking water. Our objectives are: a) to identify disinfection byproducts (DBP) using high resolution
analytical methods, b) to correlate source water characteristics with DBP types, and c) to correlate DBP with type of disinfection process. The
health concerns associated with DBP are very compound specific. Therefore, the ability to accurately identify specific compounds will increase
the management and control of compounds of concern. These activities are aimed at pushing the frontiers of analytical science to improve our
understanding and control of DBP. The successful outcome of this project will yield a better understanding of the sources of disinfection
byproducts in drinking water.

Activities and Findings
Research and Education Activities:
Our goal was to improve performance characteristics of a recently configured hyphenated PreConcentrator Gas Chromatography Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer (PC/GC/FT-ICR MS) for trace component analysis. Our immediate objective was to
use a cryofocuser pulsed valve sample introduction interface to improve detection limit (two orders of magnitude enhanced sensitivity) and
mass resolving power (by a factor 5-10) of this PC/GC/FT-ICR MS apparatus.
What have we done?
We have been able to couple a gas chromatograph (GC) to our FT-ICR mass spectrometer using a cryofocuser interface. The successful
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implementation of the NSF project has enabled us to improve our analytical capabilities in terms of fingerprinting complex sample mixtures.
We have been able to improve our detection limit (viz., more than two orders of magnitude enhanced sensitivity) and mass resolving power
(e.g., an order of a magnitude for m/z > 200 amu). The GC/FT-ICR MS instrumentation can address scientific problems that are not possible to
resolve using the conventional GC/MS approaches. Moreover, we have been able to identify the emerging challenges that need to be addressed
so that we can remain at the forefront of this exciting field. In addition to achieving our primary project goals, we have been able to further
enhance the conventional GC/MS sample analysis capabilities. For example, we have introduced novel multidimensional GC/MS techniques
that provide improved sample fingerprinting. The new multidimensional analyses utilize ion storage capabilities of the FT-ICR technique. We
have also upgraded the hardware and software associated with our GC/FT-ICR MS data station so that we can reduce the time required to
collect, analyze and handle large data sets.
Our main objective was to enhance the current GC/MS instrumental capabilities and achieve the required analytical resolution for
'sampleprinting' complex environmental and biological sample mixtures such as petroleum products and human exhaled breath (HEB). We
used a three-pronged research and educational approach to achieve our goal. We wanted to (a) improve our method detection limit (MDL) to
identify the minor components and potential markers in complex chemical mixtures, (b) improve our mass and analytical resolving power
capabilities to differentiate closely related analytes, and (c) improve our computational capabilities to handle and analyze large mass spectral
data sets.
The following experiments and simulations were performed during the project to test performance characteristics of the instrument and fulfill
the above mentioned tasks:
1- Cryofocuser element testing: Three of our group members (i.e., David LaBrecque, Jan Szulejko, and Touradj Solouki) were involved in this
project. We were able to construct highly accurate and precise (R2 > 0.999) cryofocuser temperature calibration curves. The cryofocuser
cooling time constants for with and without magnetic stirrings were 1.0 s and 1.3 s, respectively (with R2 values > 0.98). The heating and
cooling characteristics of a number of potential cryofocusing elements were studied and characterized. The most suitable candidates with the
desired technical specifications were selected for the final cryofocuser design.
2- Identification of the required components and purchasing (e.g., pulsed valves, power supplies, etc): Primarily, the PI was responsible for
accomplishing this task; input and valuable suggestions from all members of the research team were utilized.
3- Design of cryofocuser assembly: At the design stage of this project, three of our group members (i.e., David LaBrecque, Jan Szulejko, and
Touradj Solouki) were involved in different aspects of the circuit design, physical design, modeling, calculations, and computer drawings.
Several plans were considered and checked before the final designs were drawn and submitted for construction by the machine shop. Our
talented machinist, Mr. Tom Tripp, participated in various stages of the final design.
4- Installation of the cryofocuser assembly and its coupling to GC/FT-ICR MS: This task was accomplished by Touradj Solouki and Jan
Szulejko. Some modifications were made to the existing hardware and software interface and ICR cell configuration to accommodate the GC
inlet.
5- Construction of a DC heating jacket for the UHV chamber: Justin Bennett, under the supervision of the PI and Jan Szulejko, constructed and
tested the DC heating jackets.
6- Initial testing of the interface and data acquisition: The PI and Jan Szulejko performed many experiments to characterize heating
performance of the cryofocuser assembly and the influence of various parameters on pressure decay inside the ICR cell and signal detection.
7- Method developments to improve sensitivity and mass resolving power: All group members including Dr. Jan Szulejko, Justin Bennett,
Zhaohui Luo, Indira Silwal, LeRae Graham, amd Emma Apatu were trained by the PI to examine various project specific event sequences and
optimize experimental parameters for their selected experiments.
8- Improving capabilities of the Mass Identification Smart Tool (MIST) program: This trainable software program utilizes MMA and mass
spectral pattern recognition for automated identification of unknown analytes and was written by Touradj Solouki and David LaBrecque. The
new modifications include the use of batch analysis for faster data mining and inclusion of thermochemical data for multidimensional
GC/FT-ICR MS analyses. This program will be available to other interested scientists as a freeware.
9- Investigation of &#61537;-pinene and camphene Self-chemical Ionization (SCI): The PI, Jan Szulejko, Justin Bennett, and LeRae Graham
investigated unimolecular and bimolecular ion-molecule reactions of selected major fragment ions as well as the molecular ions of
&#61537;-pinene and camphene to determine the factors governing their SCI characteristics. The factors influencing &#61537;-pinene and
camphene SCI are the following: ion cooling trends, internal energy content, proton affinities, reaction rates, structural variations, and
unimolecular dissociation. Self-chemical ionization could be useful for targeted analyte identification based on analyte specific SCI
characteristics in multidimensional GC/FT-ICR MS.
10- Simulations to model SCI mass spectral appearance: The PI and Dr. Jan Szulejko performed numerous electron impact, charge transfer
(CT), chemical ionization (CI), and unimolecular dissociation experiments on parent and fragment ions of &#61537;-pinene and camphene
isomers. The experimental findings and all thermochemical data were used for computer simulations of the self chemical ionization (SCI)
process. These simulations were helpful to successfully predict the kinetic processes that controlled the SCI and could be used for
multidimensional GC/FT-ICR MS analyses. Two manuscripts, addressing the details of SCI, have been submitted to the J. Am. Chem. Soc. on
this topic.
11- Improving data storage and data analysis capabilities of our system: NSF funding allowed us to upgrade our computer and data analysis
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package (Omega 8 version of IonSpec Data Station) to improve data storage, retrieval, and analysis. The new system is equipped with high
speed PCI interface card, 80-GB hard disk, 512-MB RAM, 32-bit Windows XP operating system, and 3.2 GHz central processing unit. Such
improvements accelerate the Fourier transform analysis of large sets of GC/FT-ICR MS time domain data.
12- Chemical ionization of gasoline and analyte response factors: The PI, Jan Szulejko and Zhaohui Luo used ethanol as a CI reagent gas to
generate a suite of reagent ions for multiplex/multidimensional CI GC/FT-ICR MS on test and gasoline samples. Computer simulation based
on bimolecular ion molecule reaction schemes was used to determine analyte concentrations and proton affinities. In principle, this simulation
can be applied to multiplex CI of gasoline or other samples. A manuscript is in preparation and will be submitted to the International Journal of
Mass Spectrometry.
13- Analysis of 'clean' water disinfection byproducts: Zhaohui Luo and Indira Silwal lead these projects and they have been able to use MMA
and MIST for unambiguous determination of disinfection byproducts' molecular formulae. A portion of these projects include collaboration
with other non-chemist scientists. Broader dissemination of our findings and exploring allied scientific fields are among our long-term goals in
these areas. Our findings open new avenues of discovery to address significant riddles in environmental and biomedical fields.
14- H/D exchange and other miscellaneous experiments: All group members including Dr. Jan Szulejko, Justin Bennett, Zhaohui Luo, Indira
Silwal, LeRae Graham, and Emma Apatu contributed to these project specific areas.
15- Ultrahigh resolution heterodyne GC/FT-ICR MS and headspace analysis of dried pepper samples: Touradj Solouki and Jan Szulejko used
dynamic headspace sampling with He sweep gas on dried pepper for sample 'fingerprinting'. The objective of these experiments was to
determine what volatile organic compounds were emitted from the dried pepper flakes. We were interested in differentiating potentially
interfering background chemicals from the prospective useful human exhaled breath biomarkers for diseases diagnosis. The experimental
results showed that He contained trace amounts of hydrocarbon contaminants and significant column bleed was detected well below the
temperature specified for column bleed on the manufacturer's specification sheet. The FT-ICR mass spectral detection in the heterodyne mode
allowed us to further improve the world record GC mass resolving power. A manuscript describing the details and importance of our high
resolution GC/MS experiments is in preparation.

Findings:
What have we learned?
We have learned that the achievable mass resolving power of a GC/MS system can be successfully improved by an order of magnitude. We
have also improved our previous instrumental sensitivity by three orders of magnitude. We have demonstrated that multidimensional
GC/FT-ICR MS can provide structural and thermochemical data to improve analytical resolution and unknown analyte identification. In
addition, our ultrahigh sensitivity has enabled us to realize that purity of the commercially available GC-grade carrier He gases is critical and
unsatisfactory for ultrahigh sensitive analyses; our gas purification methods need to be improved. Also, we have observed significant GC
column bleeding at much lower temperatures than normally specified by the manufacturer of the GC columns; for accurate and precise 'sample
printing' these contamination sources must be reduced or eliminated. Currently, we use hydrocarbon traps and cryotrapping to reduce
contamination (from the commercial He carrier gas); these methods must be further improved for ultrahigh sensitive sample characterization.
We have learned that currently there are no suitable UHV compatible micro pulsed valves (available commercially) that can be operated at high
temperatures (> 150 &#61616;C). At the 52nd ASMS conference and the FT-MS workshop, the PI made inquiries on the current technology in
this area; also, we sought assistance and advice from various national laboratories (e.g., the Jet Propulsion Laboratory). There is only one
commercial source that currently has components that come close to meeting our specifications. However, these high cost pulsed valves can not
operate at higher than 100 &#61616;C. This is a serious limitation that should be addressed to further improve our capabilities; such
improvements will have a broader impact on other areas of research and industry where there is a need for gas-tight UHV compatible
micro-valves. We have been able to further improve our in-house written MIST (Mass Identification Smart Tool) software capabilities to
enhance unknown identification; these improvements focus on two areas of mass spectral data analysis and interpretation vis-Ó-vis batch analysis
and incorporation of multidimensional analyses. We will make the MIST software available to other educational and research institutions in the
public domain. Both our hardware and software improvements allow higher analytical resolution for GC/MS 'fingerprinting' of complex
sample mixtures at the highest level of confidence currently attainable.
We have learned that we can identify various analytes in human breath samples but carrier gas contamination is a major limitation. We are able
to use the same procedures for bacterial analysis. Although NSF funding has enabled us to establish a new world record for mass resolving
power in GC/MS, further improvements are required for routine and user-friendly GC/MS operation. The pumping speed around our ICR cell
needs to be improved by an order of magnitude to reduce duty cycle for high resolution experiments from ~ 20 s to 2 s or less. We also need to
further improve the current heating jacket on ICR vacuum housing so that we can maintain the entire system at above 150 &#61616;C. The
NSF funding has enabled us to perform types of analyses on 'real world' samples that could not be examined by any other research/analytical
laboratories around the globe.
We have also introduced ion-molecule kinetic and multiplexing schemes that can be used in GC/FT-ICR MS to simultaneously determine
analyte concentrations and thermochemical properties such as proton affinities. With the assistance from the University of Maine's Office of
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Research and Sponsored Programs, we are in the process of working with the Maine Technology Initiative (MTI) program to obtain patents to
protect the University's intellectual property rights.
What are our major research findings?
1- Improved the GC/FT-ICR MS method detection limit by cryofocusing the GC eluent.
2- Improved the GC/FT-ICR mass resolving power and mass measurement accuracy by reducing the ICR background pressure and
pulse-heated sample introduction.
3- Improved conventional analytical resolution and enhanced sample 'fingerprinting' by using multidimensional GC/FT-ICR MS.
4- Ascertained the factors governing the SCI of &#61537;-pinene and camphene by using various ion-molecule and unimolecular dissociation
reactions.
5- Found greater than 50 components in commercial gasoline samples (this is larger than the number listed on the manufacturer's material
safety and datasheet (MSDS)) and established their molecular identities at a high level of confidence (a part of Zhaohui Luo's thesis work).
6- Detected undesired contaminants in the He GC carrier gas that can reduce the analytical performance of the instrument and interfere with the
sample fingerprinting.
7- Established that UHV compatible pulsed valves that can operate at higher than 150 ?C are essential to further enhance our current analytical
capabilities.
8- Showed that the MIST software can be trained to utilize MMA and other thermochemical data for mass spectral pattern recognition and
automated/batch identification of unknown analytes.
9- Demonstrated that multidimensional GC/FT-ICR MS provides enhanced sample fingerprinting capabilities.
10- Acquired GC mass spectral data in heterodyne FT-ICR mode and exceeded the previously reported world record mass resolving power.
11- The use of pulsed valve cryofocusing GC/MS interface allowed us to further improve the instrument performance. For example, we have
improved our detection limit for acetone to ~ 200 attomoles. This value is based on signal-to-noise extrapolation of the experimental data to
value of 3:1 from 80 picomoles injection on GC column with observed signal-to-noise ratio in excess of 1700:1.
12- Demonstrated that GC/FT-ICR MS is ideal for detection of disinfection byproducts and confident characterization of complex sample
mixtures.

Training and Development:
The NSF projects provided training for a postdoctoral research associate, three graduate students, and two undergraduate students.
A postdoctoral research associate (Dr. Jan Szulejko) was trained; he gained valuable experience in using gas-phase ion-molecule chemistry for
novel multiplexed GC/MS analyses.
Three graduate students, who are currently members of the group, were trained in different areas of FT-ICR mass spectrometry. Zhaohui Luo is
expected to defend his thesis in Master of Science in Fall 2005. Nearly hundred percent of Zhaohui's research projects are using experimental
approaches that NSF funding had a significant positive impact on. The other two graduate students (LeRae Graham and Indira Silwal) are
expected to acquire their Doctors of Philosophy (Ph.D.) in years beyond 2005. Although the major focus of LeRae's thesis is on
hydrogen/deuterium exchange reactions, the training opportunities provided by the NSF funding have been crucial for the success of her
research projects. Indira Silwal has finished her course work and has started her research that focuses on detection and characterization of
disinfection byproducts. To accomplish her tasks and research objectives, Indira is using the GC/FT-ICR MS system that was developed with
the financial support from the NSF; without the NSF support (and achieving higher sensitivity and ultrahigh mass-resolving power), Indira's
research goals could not be targeted and/or accomplished.
Two undergraduate students (Justin Bennett and Emma Apatu) participated in research during the NSF funding period. The improved research
environment and infrastructure yielded positive impact on both of these undergraduate students; Emma and Justin have decided to pursue their
postgraduate and higher educations in biomedical/medical fields.
Emma's summer stipend was supported by the Maine Biomedical Research Infrastructure Network (BRIN) program. The title of her summer
research project was 'Conformational Analyses of a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions'.
Emma presented her research findings in a local and two national meetings. She will be graduating with a Bachelor of Science degree from the
University of Maine at Machias in May 2005. She is in the interview process to select her choice of a medical or graduate school.
Justin's undergraduate research thesis title was 'Improvements to PC/GC/FT-ICR Mass Spectrometry Performance' and he worked on this
project for two semesters. He presented his research findings at the 4th North American FT-ICR Conference and the title of his poster
presentation was 'Differentiation of Selected Terpene Isomers Based on Metastable Decay and Ion-molecule Reactions'. In addition, he
coauthored an ASMS poster presentation and a journal article (J. Am. Soc. Mass Spectrom. 2004, 15, 1191-1200). For his NSF supported
research work on GC/FT-ICR MS, Justin was selected as the Outstanding Graduating Student in the College of Liberal Arts and Sciences at the
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University of Maine in Orono (May 2003). Justin has accepted an offer from his top choice for the medical school and is currently attending the
Dartmouth Medical School in Hanover, NH.
Outreach Activities:
As an invited speaker, the PI has presented NSF funded research findings in various institutions to raise public awareness and participation in
science and technology. For example, the PI has given lecture to non-science majors about the NSF project and its potential impact for sensor
development and disease diagnosis. In addition, the PI was involved in outreach programs supported by Maine's Biomedical Research
Infrastructure Network (BRIN) and NSF-National High Magnetic Field Laboratory (NHMFL) programs. The undergraduate students involved
with BRIN and NSF-NHMFL programs included Emma Apatu and Justin Bennett, respectively.
Journal Publications
J. E. Szulejko and T. Solouki, "Self-Chemical Ionization of Camphene and alpha-Pinene Isomers: Ionic Excited State Acidities, Neutral Proton
Affinities, and other Thermochemical Considerations Part A ? Metastable and SCI Reactions of Molecular Ions", J. Am. Soc. Mass Spectrom.,
p. xxx, vol. xxx, (2004). Submitted
T. Solouki and J. E. Szulejko, "Self-Chemical Ionization of Camphene and alpha-Pinene Isomers: Ionic Excited State Acidities, Neutral Proton
Affinities, and other Thermochemical Considerations Part B ? Proton Affinity Bracketing", J. Am. Soc. Mass Spectrom., p. xxx, vol. xxx,
(2004). Submitted
T. Solouki, J. E. Szulejko, J. B. Bennett, and L. B. Graham, "A Preconcentrator Coupled to a GC/FTMS: Advantages of Self-Chemical
Ionization, Mass Measurement Accuracy and High Mass Resolving Power for GC Applications", J. Am. Soc. Mass Spectrom., p. 1191, vol. 15,
(2004). Published

Books or Other One-time Publications
T. Solouki, J. E. Szulejko, and Z. Luo, "Multidimensional GC Fourier Transform Ion Cyclotron Resonance Mass Spectrometry: Resolving
Complex Mixtures", (2004). Conference Proceedings, Published
Bibliography: Proceedings of the 52st ASMS Conference on Mass Spectrometry and Allied Topics, May 23-27, 2004, Nashville, TN.
E. Apatu, T. Solouki, "Conformational Analyses of a Model Peptide (Gly5): ESI FT-ICR MS and Hydrogen/Deuterium Exchange Reactions",
(2003). BRIN Poster Presentation, Published
Bibliography: Maine Biomedical Research Infrastructure Network (BRIN) Annual Meeting, Maren Conference Center, Mount Desert Island
Biological Laboratory, August 10th, 2003, Salisbury Cove, ME.
J. B. Bennett, L. B. Graham, J. E. Szulejko, and T. Solouki, "Differentiation of Selected Terpene Isomers Based on Metastable Decay and
Ion-molecule Reactions: Long-lived Excited States", (2003). 4th North American FT-ICR Meeting/Poster Session, Published
Bibliography: 4th North American FT-ICR Conference, Marconi Conference Center, April 3-6, 2003, Marshall, CA
J. E. Szulejko, J. B. Bennett, L. B. Graham, and T. Solouki, "Kinetic Analysis of Metastable Decay and Ion-molecule Reactions for Selected
Terpene Isomers: Cold and Hot Ions", (2003). Conference Proceedings, Published
Bibliography: Proceedings of the 51st ASMS Conference on Mass Spectrometry and Allied Topics, Bioinformatics, 1976, June 8-12, 2003,
Montreal, QC, Canada
Justin B. Bennett, "Improvements to PC/GC/FT-ICR Mass Spectrometry Performance", (2003). Thesis, Published
Collection: University of Maine in Orono - Undergraduate Research Thesis
Bibliography: May 2003 - The Outstanding Student in the College of Liberal Arts and Sciences
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Other Specific Products
Product Type:
Software (or netware)
Product Description:
A trainable software program called Mass Identification Smart Tool (MIST) for unknown identification and batch analysis of mass spectral data
was improved. The new improvements included the mass spectral batch analysis option and incorporation of multidimensional analyses that
utilize thermochemical data such as the analyte proton affinity.
Sharing Information:
We will make the MIST software available to other educational and research institutions in the public domain.
Contributions
Contributions within Discipline:
The NSF funded project improved our research/teaching capabilities. In addition, in three fundamental and significant ways, the NSF funding
provided enhancements for characterizing complex sample mixtures:
1-The use of cryofocuser improved GC/FT-ICR MS sensitivity by almost three orders of magnitude û This is a considerable improvement and
allows us to detect analytes that exist at lower concentrations (e.g., femtomolar range) at a high level of confidence (< 5 ppm mass
measurement accuracy).
2-The use of cryofocuser improved GC/FT-ICR MS mass resolving power û This improvement allows us to separate species that are a few
thousands of atomic mass unit (amu) apart. Such improvements are necessary for effective characterization of complex biomedical and
environmental samples such as human exhaled breath or water samples containing unknown disinfection byproducts.
3-Ion storage capabilities of the ICR allows multidimensional GC/FT-ICR MS analysis û Multidimensional analysis provides higher analytical
resolution and improves GC/MS 'fingerprinting' of the complex sample mixtures. These GC/FT-ICR MS multidimensional approaches can
also be used to extract thermochemical data from unknown analytes eluting from a GC column.
Contributions to Other Disciplines:
Our findings provide new possibilities for future discoveries that need an improved analytical resolving power to address unanswered riddles in
environmental, biomedical, and material science fields. The comprehensive and reliable analysis of the components of a mixture is a crucial
first step in many emerging areas of bioinformatics, forensic sciences, geoinformatics, metabolomics, proteomics, and sensor development.
Hence, our improved GC/FT-ICR MS sensitivity and resolving power provides an effective analytical tool for data mining and addressing new
challenges in science and engineering.
Contributions to Human Resource Development:
Please refer to the 'research training' subsection under 'Activities and Findings' for student involvement and retention.
Contributions to Resources for Research and Education:
The NSF funding has allowed us to characterize samples that could not be tested by conventional GC/MS and this unique capability enhances
our institutional research and teaching abilities. Hence, we have been able to serve other scientists in our own and other institutions and
complement their analytical capabilities. The PI has also participated in various information exchange activities that include senior scientists as
well as students. For example, as an invited speaker, the PI has presented research findings for student audiences in the School of Marine
Sciences (course title: Chemistry for Everyday Living) and Department of Chemical Engineering (course title: Microscale Bioengineering) at
the University of Maine in Orono.
Contributions Beyond Science and Engineering:
Our research and teaching activities have helped us to enhance public welfare in two tangible areas.
Firstly, introduction of the novel multidimensional analytical techniques and improvements to the existing separation and detection capabilities
have enabled us to accurately identify unknown analytes at the molecular level. This improvement in our research capabilities allows us to
better address emerging issues such as the presence of disinfection byproducts in public drinking water. Potentially, various biomedical and
environmental areas will be impacted by our analytical improvements; such activities will have a positive impact on our nation's public health
and economic status. For example, further improvements to our instrument will also help to identify biomarkers and develop better diagnostic
tools for early detection of a host of diseases (please see http://www.chemsoc.org/chembytes/ezine/2003/houtman_jan03.htm or Chemistry in
Britain, 2003, 39, 28-31).
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Secondly, our projects have generated innovative research and teaching environment that are critical factors to attract, retain, and educate
young scientists. These young scholars will be successful members of the society, expand our understanding of the universe, determine our
future directions, and address impending challenges. For example, collaboration with the state's outreach programs such as BRIN, during the
NSF funding period, allowed us to provide research opportunities to a student from traditionally underserved group (African-American female
undergraduate student). Ultimate goals of our research and teaching activities are the promotion of intellectual and financial prosperity in our
nation and worldwide.
Categories for which nothing is reported:
Any Web/Internet Site
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A Preconcentrator Coupled to a GC/FTMS:
Advantages of Self-Chemical Ionization, Mass
Measurement Accuracy, and High Mass
Resolving Power for GC Applications
Touradj Solouki, Jan E. Szulejko, Justin B. Bennett, and LeRae B. Graham
Department of Chemistry, University of Maine, Orono, Maine, USA

Coupling of a cryogenic preconcentrator (PC) to a gas chromatograph/Fourier transform ion
cyclotron resonance mass spectrometer (GC/FT-ICR MS) is reported. To demonstrate the
analytical capabilities of the PC/GC/FT-ICR MS, headspace samples containing volatile
organic compounds (VOCs) emitted from detached pine tree twigs were analyzed. Sub-ppm
mass measurement accuracy (MMA) for highly resolved (m/⌬m50% ⬎ 150 k) terpene ions was
achieved. Direct PC/GC/FT-ICR MS analyses revealed that detached twigs from pine trees
emit acetone, camphor, and four detectable hydrocarbon isomers with C10H16 empirical
formula. The unknown analytes were identified based on accurate mass measurement and
their mass spectral appearances. Authentic samples were used to confirm initially unknown
identifications. Self-chemical-ionization (SCI) reactions furnished an additional dimension for
rapid isomer differentiation of GC eluents in real time. (J Am Soc Mass Spectrom 2004, 15,
1191–1200) © 2004 American Society for Mass Spectrometry

B

iomarker analyses are important in many areas of
modern analytical science [1]. For example, various chromatographic and mass spectral studies
were used to resolve and identify specific biomarkers in
diverse fields such as human physiology, forensics,
bacteria, and food spoilage [2– 6]. FT-ICR MS offers
several advantages for characterizing multicomponent
mixtures. For example, the high mass measurement
accuracy of FT-ICR MS [7–9] limits the number of
possible chemical formulas corresponding to an experimentally determined mass value [10].
Recently, we described potential applications of GC/
FT-ICR MS to analyze complex sample mixtures such as
automobile gasoline [11]. The GC/FT-ICR MS utilizes
the separation capability of a conventional GC [12] as
well as mass measurement accuracy [8, 9, 13, 14] and
superior mass resolving power of FT-ICR MS [15, 16].
The advantages of multidimensional and/or “hyphenated” chromatography techniques with spectroscopic
detectors were reviewed extensively [17].
Often, “real world” biological and environmental
samples are complex mixtures, and their complete
characterization requires numerous stages of sample
preparation or sophisticated data analyses [4]. Our goal
is to develop methodologies aimed at detecting low
Published online July 1, 2004
Address reprint requests to Dr. T. Solouki, Department of Chemistry,
University of Maine, 5706 Aubert Hall, Orono, ME 04469, USA. E-mail:
solouki@maine.edu

levels of VOCs that are emitted into the immediate
environment by biota [18]. The low levels of VOC
analytes at the ppm level (vol/vol) or lower may
preclude direct analysis of, for example, human exhaled
breath (HEB) with capillary column GC/MS systems
[18]. Methods must be developed to separate and/or
preconcentrate the VOCs of interest from the bulk
components prior to GC/MS introduction. One such
method is front-end GC cryogenic microscale purge
and trap [18, 19]. Back-end GC cryofocusing has been
used for trace FT-ICR mass spectral analysis by Gross
and co-workers [20]. We are interested in developing
methodologies that require minimal sample preparation and afford improved selectivity for analytical characterization of sampleprints. To realize our objective,
we have coupled a preconcentrator (PC) to a GC/FTICR MS (PC/GC/FT-ICR MS) and evaluated its utility.
Here, we describe the first PC/GC/FT-ICR MS data
from direct headspace analysis of arbor emissions.
A wide range of plants and plant-derived material
contain terpenes. It was suggested that terpene compositions may be used to determine the tree types [21, 22]
and locations [23, 24], as well as the extent of injuries,
such as montane yellowing [25] and forest damage [26],
caused by air pollution. Plants may also respond to
herbivore feeding and mechanical wounding by releasing targeted chemicals such as proteinase inhibitors
[27]. Biogenically emitted monoterpenes may play an
important role in atmospheric chemistry of gaseous
nitrate (NO3) radicals [28]. Hence, accurate measure-

© 2004 American Society for Mass Spectrometry. Published by Elsevier Inc.
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Received July 1, 2003
Revised March 1, 2004
Accepted March 1, 2004

1192

SOLOUKI ET AL.

ment of the tree monoterpenes is important. However,
difficulties with handling unresolved complex data
[26], lack of an absolute reference for the terpene yield
and/or sampling errors, uncertainties associated with
invasive sample extraction from conifer needles [26,
29 –31], and rough handling [32] highlight the analytical
importance of non-invasive, reproducible, and rapid
sample analysis for plant characterization based on
VOC signatures.
Previously, we reported that high mass resolution
FT-ICR MS can be used to identify pressure-dependent
gas-phase self-chemical ionization (SCI) product ions
under GC/FT-ICR MS conditions [11]. Here, we demonstrate that high mass resolving power and ion-trapping capabilities of FT-ICR mass spectrometry can be
utilized to differentiate GC eluted ␣-pinene and camphene isomers in real time. Other researchers reported
isomer differentiation based on multiphoton ionization
and dissociation (MPI/MPD) [33], GC/MPI-FTMS [34],
FTMS proton affinity bracketing [35], collision-induced
dissociation (CID) [36 –38], CID combined with chromatography [39], ion-molecule reactions combined with
chromatographic techniques [40], oxygen negative
chemical ionization (ONCI) [41], NCI GC [42], charge
inversion MS [43], and by metal oxide sensors [44].
Modifying chromatographic parameters such as GC
temperature programming or column type that can
alter elution time and/or order will not change mass
spectral appearances. Hence, independent of the chromatographic retention time, detector differentiation
(i.e., mass spectral differentiation based on analyte
properties such as proton affinity and ion-molecule
reactivities) can be used to distinguish isomers. The
advantages of PC/GC/FT-ICR MS in terms of high
mass resolving power, sensitivity, mass measurement
accuracy, and isomer differentiation are discussed.

Experimental
Specimen or Sample Collection
Pine Twigs. Arbitrarily selected ⬃5–10 cm long twigs
(with needles attached) were detached manually (by the
authors) from a branch (at a height of ⬃1.5 m) of a pine
tree (Picea rubens) [45] and placed immediately in ZipLoc (Trinity Packaging, Lewistown, PA) bags (1 per
bag) for PC/GC/FT-ICR MS analysis. Samples were
collected in 2001, during the month of November, when
plant monoterpenes are assumed to return to their base
low levels; it has been reported that terpene levels
increase in May and return to their base levels by
September [46]. To re-confirm the emission of VOCs
from the same pine tree, additional samples were
analyzed in March 2003. The detached pine twig samples were stored at room temperature in a 28 ⫻ 27 cm
sealed ZipLoc bag. Prior to analysis, the end of the PC
sampling line was carefully inserted (⬃10 cm) through
a small opening made in the ZipLoc seal near (⬃1–2 cm)
the pine needle specimens. The seal was immediately
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reclosed and the headspace analyzed. Direct PC/GC/
FT-ICR MS analysis of the VOCs in pine tree twigs did
not require any sample treatment. The preconcentrator
was programmed (event 2 in PC Event Sequence) to
collect a 100 mL sample of headspace volume surrounding the pine needles. Method blanks did not show any
acetone or terpenes from the background air or unused
ZipLoc bags.
Reagents. All reagents and solvents were purchased
from commercial sources and used without further
purification. The authentic samples were purchased
from Aldrich Chemical Company, Inc. (Milwaukee, WI).

Instrumentation
The PC/GC/FT-ICR MS consisted of three major components; a 3-stage Entech 7100 series Preconcentrator
(PC) (Entech, Simi Valley, CA), an SRI GC system (Las
Vegas, NV) and an IonSpec 7-T FT-ICR mass spectrometer (IonSpec Corp., Lake Forest, CA). A schematic of
the apparatus is shown in Figure 1. The exact details on,
fluid flow (i.e., for He and N2 gases and LN2 cryogen),
multipositional valve assemblies (denoted as V1, V2,
and V3) and vacuum lines within the PC apparatus
have been either omitted or simplified for illustrative
purposes only. The flow rates, temperatures and timing
of the preconcentrator event sequence was under computer control (Toshiba, Equium 7100D, Irvine, CA).
Detailed description of the preconcentrator operation
has been published elsewhere [19]. Glass bead, Tenax
(Alltech-Deerfield, IL), and cryofocuser traps were used
to remove or reduce common air components (e.g., Ar,
CO2, H2O, N2, O2, etc.) and concentrate the volatile
organics. The cryofocused organics were desorbed by
flash-heating and injected on a GC column as a concentrated sample plug. The details of coupling a GC to the
FT-ICR MS and its potential analytical applications
were discussed earlier [11]. The labels SC and TL, in
Figure 1, denote sample container and heated transfer
line, respectively.
PC. The trapping and preconcentration of the VOCs of
interest were performed on an Entech 7100 PC using the
microscale purge and trap technique, utilizing three
trapping modules (labeled M1, M2, and M3 on Figure
1). The sequence of events used in our experiments was
as follows:
PC Event Sequence:
1. Prior to use, the PC was leak tested, flushed with
nitrogen and baked at appropriate temperatures
(⬃120 °C for M1, ⬃180 °C for M2, and ⬃70 °C for
cryofocuser).
2. A user defined volume of the head space, or a gas
sample (e.g., 100 mL standard atmosphere for Figure 2) containing trace VOCs, was pumped through
the first trap (T1) located in module 1 (M1). In T1,
the VOCs and water and some CO2 were condensed
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Figure 1. A simplified schematic of the PC/GC/FT-ICR mass spectrometer: The exact gas flow
details (i.e., for He, N2 gases and also for LN2 cryogen flow) and configurations on valve systems
contained within the PC apparatus have been either omitted or simplified for illustrative purposes
only. Label SC denotes sample container, MIP denotes GC manual injection port and TL stands for
heated transfer line.

3.
4.
5.
6.

7.

8.
9.

10.

11.

and absorbed on the glass beads (maintained at
⫺150 °C), whereas the N2, O2 and Ar were not.
75 mL of He at standard atmospheric pressure were
flushed through M1 at ⫺150 °C over 5 min.
The trap (T2) containing Tenax beads in module 2
(M2) was cooled to ⫺30 °C.
M1 was warmed to ⬃20 °C (for data shown in
Figure 2).
40 mL of He at standard atmospheric pressure was
used to purge T1 to effect the transfer of VOCs into
T2.
The cryofocuser module (M3) was cooled to
⫺160 °C. The actual cryofocuser (CF) consisted of a
section of megabore GC guard column that could be
heated from ⫺160 °C to ⬃70 °C (in less than 30 s) by
passing heated N2 gas over the CF line.
T2 in M2 was heated to 180 °C.
Mutlipositional valve assemblies directed the GC
carrier gas (He) through T2 to purge any trapped
VOCs into the CF, for 2.5 min.
The CF (megabore capillary line) was flash heated
to ⬃70 °C. At this point, the GC temperature program and FT-ICR MS mass spectral acquisition
were simultaneously started.
Mutlipositional valve assemblies directed the GC
carrier gas (He) through the CF to purge any VOCs
onto the GC column over a user-defined period.
After 1.5 min, the CF was cooled down to ⬃⫺120 °C
(the temperature of M3). During the GC run, no

further cryogen was introduced into M3 and the
ambient warming slowly increased the CF temperature to ⬃⫺60 °C in 30 min. The CF was interfaced
to the GC column by means of a heated transfer line
(maintained at 100 °C) containing a ⬃1 m length of
deactivated megabore GC guard column. This line
conveyed both the carrier gas and the purged VOCs
to the GC column.
GC Operation. The purged VOC sample (at event 11 in
PC Event Sequence) was injected onto a 60-m (0.28 mm
i.d., 3 m crossbonded 100% dimethyl polysiloxane
stationary phase coating) MXT-1 capillary column
(Restek Corporation, Bellefonte, PA) housed in an SRI
model 8610C GC oven. The effluent exiting the capillary
column was directed into a SGE glass molecular jet
separator (SGE Inc., Austin, TX). Both the GC column
and molecular jet separator were located within the GC
oven [11]. The helium and analyte of interest were
transferred from the molecular jet separator to the
internal ion source of the FT-ICR MS [11] by means of a
2-m length, 0.5 mm i.d., MXT guard capillary column
(Restek Corporation, Bellefonte, PA).
The section of the transfer line (⬃1 m in length)
external to the FT-ICR MS ultrahigh vacuum (UHV)
housing, was heatable up to 200 °C. However, the
transfer line within the UHV housing was unheated.
The transfer line entered the UHV housing by means of
a 1/8-in swage fitting. The terminus of the transfer line
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Figure 2. The TIC from a 100 mL sample of headspace volume surrounding pine twigs at room
temperature in a large volume sealed ZipLoc bag: arbitrarily selected (⬃5 cm long) twigs containing
pine needles had been detached manually from a Picea rubens tree situated in the environs of the
university campus for headspace analysis. Insets (a to e) show the mass spectra for TIC peaks labeled
a to e. VOC assignments (␣-pinene, camphene, limonene, terpinolene, and camphor, in order of
elution time) are shown as structures on each mass spectral inset.

was directed towards the center of the ICR cell through
a gap separating adjacent transmitter and receiver
plates of the ICR cell. To acquire the high resolution
mass spectral data in Figure 5 and Table 1, the jet
separator was removed and a pulsed valve interface
(similar to the design of Sack and Gross [47]) was
inserted in the transfer line between the GC and FT-ICR
vacuum housing.
GC temperature programming and column head pressure.
A user-defined GC temperature program was used to
acquire the data presented in Figures 2, 3, and 5. The
GC parameters, including temperature programming
and column head pressure, for all three experiments
presented in Figures 2, 3, and 4 were identical. The GC

injection port was kept at 200 °C, and samples were PC(Figure 2) or manual-injected (Figures 3, 4, and 5) onto
the column. The following GC temperature program, at
a column-head pressure of 15 psi He, was used for
headspace analysis of pine twigs (Figures 2, 3, and 4):
40 °C for 3 min, ramp at 20 °C per min to 140 °C, ramp
at 2 °C per min to 220 °C and then hold at 220 °C for two
min. To reduce the GC retention-time, for high mass
resolution studies of ␣-pinene and camphene (e.g.,
Figure 5), isothermal GC programming (at 180 °C and
20 psi He pressure) was used.
FT-ICR MS. All GC/FT-ICR MS experiments were
performed on a differentially pumped IonSpec 7-T

Table 1. Mass measurement accuracy and peak assignments for the observed peaks from GC/FT-ICR MS headspace analysis of
camphene in heterodyne MS data acquisition mode
Measured m/z
135.1168
136.1203
136.1247
137.1280
137.1325
138.1359

Exact mass
135.11683
136.12018
136.12465
137.12801
137.13248
138.13583

MMA
(ppm)
⫺0.22
0.88
0.37
⫺0.07
0.15
0.51
具兩0.36兩典

Elemental composition

Rel. Int.

R.P. m/⌬m50%

Peak label in Fig. 5

C10H15⫹
C1C9H15⫹
C10H16.⫹
13
C1C9H16.⫹
C10H17⫹
13
C1C9H17⫹

28.4
3.27
54.0
6.4
100.0
11.4

166000
161800
147900
185700
152300
161800

x
1
2
3
4
y
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Figure 3. Bottom: The TIC from the GC/FT-ICR MS of authentic
␣-pinene and camphene from 250 L of headspace that was
withdrawn from a septum-sealed 40-mL vial containing ⬃50 mg
(sufficient to maintain saturated headspace) each of ␣-pinene and
camphene. The upper left and upper right panels show mass
spectra of ␣-pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was ⬃5
ms (see text for additional details).

FT-ICR mass spectrometer (Lake Forest, CA). Experiments were performed only in internal ion generation
(24 eV EI) PC/GC/FT-ICR MS configuration [11]. The
outer and inner trapping voltages for low resolution
experiments (Figures 2, 3, and 4) were kept at 22.5 and
5 V, respectively. For the high resolution mass spectral
acquisition in the heterodyne mode (Figure 5 and Table
1), outer and inner trapping voltages were reduced to
3.0 and 0.5 V, respectively. To investigate self-chemical
ionization characteristics of terpene isomers, controlled
ion-molecule reactions were performed on a different

Figure 5. The GC/FT-ICR MS of authentic camphene from 30 L
of headspace that was withdrawn from a septum-sealed 40-mL
vial containing ⬃50 mg (sufficient to maintain saturated headspace, SVP ⬃2.6 torr) camphene. Panel (a bottom) shows a narrow
mass range (m/z 137 ⫾ 3) chromatogram for the GC retention time
of 8 –12 min. Panel (b) shows high resolution mass spectrum (m/z
134.5 to 138.5) used to generate the GC chromatogram shown in
Panel (a). Top left (c) and right (d) insets show expanded regions
(m/z 0.012 mass range) of the mass spectra at m/z ⬃136.1247 and
⬃137.1325, respectively. Table 1 contains summary of the mass
spectral data (e.g., mass resolving power and mass measurement
accuracy) for Figure 5. Data acquisition parameters are provided
in the Experimental section.

FT-ICR MS system. This system shared a common 7 T
magnet with the GC/FT-ICR and was equipped with
internal electron impact ionization source as well as a
pulsed-leak valve sample introduction system [48].

Figure 4. Bottom: The TIC from the GC/FT-ICR MS of authentic
␣-pinene and camphene from 250 L of headspace that was
withdrawn from a septum sealed 40-mL vial containing ⬃50 mg
(sufficient to maintain saturated headspace) each of ␣-pinene and
camphene. The upper left and upper right panels show mass
spectra of ␣-pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was
⬃4400 ms (see text for additional details).

FT-ICR MS Data Processing. The chromatogram and
mass spectral x, y coordinates were imported into the
Microsoft Excel spreadsheets as ASCII delineated data
[11]. The original time-domain transient signals contained 128 k (Figure 2), 32 k (Figures 3 and 4) and 1024 k
(Figure 5) data points. Figures 2, 3, 4, and 5 were
acquired under broadband (16 MHz analog-to-digital
converter {ADC} rate) and heterodyne (2 MHz analogto-digital converter {ADC} rate) modes, respectively. To
display the mass spectra in Microsoft Excel graphs (as
shown in Figures 2, 3, and 4), the fast Fourier transform
(FFT) parameters were modified to transform only 32
kword of the acquired data with one zero fill. To
generate the chromatograms in Microsoft Excel graphs
(as shown in Figures 2, 3, and 4), the fast Fourier
transform (FFT) parameters were modified to transform
the acquired data without any zero fill.
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Results and Discussion
In this section, we show the GC and mass spectral data
that we obtained from the analysis of the headspace
from pine tree (Picea rubens) twig samples and commercially available authentic samples (␣-pinene, camphene,
limonene, and camphor). Both the GC retention times
and mass spectra of commercially available terpene
samples confirmed the original assignments of the
unknown volatile organic compounds. We demonstrate
better than one ppm mass measurement accuracy for
highly resolved terpene pseudomolecular ions in
GC/MS experiments. We also show that in addition to
the GC retention times, gas-phase ion-molecule reactions can be used to differentiate structural isomers in
real time.

Emissions from the Pine Twigs
Figure 2 shows the total-ion chromatogram (TIC) from
a 100 mL sample of headspace volume surrounding
pine tree (Picea rubens) twigs at room temperature, in a
large volume (⬃2 L) sealed ZipLoc bag, ⬃24 h after
specimen collection. Insets a to e show the mass spectra
for TIC peaks labeled a to e, respectively. Accurate mass
measurements revealed that the peaks in the mass
spectra displayed in insets b to e were all hydrocarbons
in composition. Based on mass measurement accuracy,
a cursory mass spectral pattern analysis and using the
NIST online EI mass spectral database, we were able to
identify the VOC species as ␣-pinene, camphene, limonene, terpinilene, and camphor, in order of elution
time (peaks labeled a to e in Figure 2). These assignments were later confirmed using authentic samples.
The molecular structures of the identified VOCs are
shown above the corresponding mass spectra. Samples
analyzed 40 min, 20 h, and 24 h after specimen collection did not show major temporal variations in relative
VOC profiles.
Historically, GC characterization of terpene derivatives and other naturally occurring volatile compounds
has played an important role in commercial activities,
such as perfume formulation [49]. Solvent extraction
analysis results [22, 25, 26, 30, 31] may not reflect the
actual quantitative or qualitative composition of the
VOCs emitted into the gas-phase. Consequently, direct
gas-phase sampling methods such as PC/GC/FT-ICR
MS are preferable. For example, in Figure 2, at the
relatively short GC retention time (RT ⬵ 490 s), a peak
corresponding to acetone is observed. Our method
blanks showed no acetone signal, and confirmed that
the acetone is, in fact, emitted from the pine twig
samples. Although acetone is difficult to detect using
conventional and destructive extraction methods [24], it
has been shown to be present in VOC emissions from
various trees [50, 51].
Based on accurate mass measurements and observed
fragmentation patterns, the TIC peaks labeled a to d (in
Figure 2) were ascribed to terpene isomers with the
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empirical formula, C10H16, and that of TIC Peak e to
camphor, C10H16O. The small GC peak at RT ⬵ 240 s is
due CO2 previously trapped in the PC. The mass
spectrum shown for Peak e (camphor) in the TIC in
Figure 2, has been corrected for the continuous residual
background. The heat generated from electron filament
can enhance outgassing of the ICR cell components and
contribute to the background over time. Using an
FT-ICR mass calibration table generated ⬃1 month
prior to the acquisition of the tree VOC data reported
herein, the mean absolute mass measurement accuracy
for the 8 major peaks (mass spectral peaks with S/N ⬎
⬃20 present in insets 1 to 3 of Figure 2) was ⬍ 5.0 ppm
(2.4 ⫾ 0.9 ppm at the 95% confidence level for n ⫽ 24,
based on absolute errors using m/z values from three
mass spectra). The authentic samples were used to
generate new mass calibration tables and improve mass
measurement accuracy. For example, in heterodyne
mode, Figure 5 (Table 1), the average mass measurement error was 0.4 ⫾ 0.2 at the 95% confidence level,
with n ⫽ 6.

Authentic Sample Analysis and Isomer
Differentiation
Commercially available authentic samples were purchased and analyzed to confirm the assigned identities
of the unknown analytes. Terpinolene (Peak d in Figure
2) was not readily available to confirm our initial
assignment; however, the pattern observed in Figure 2d
closely matches terpinolene’s mass spectrum contained
in the NIST’s online database (http://webbook.nist.
gov/chemistry/). Comparisons between the GC retention times as well as observed mass spectral fragmentation patterns of the unknows and authentic samples
confirm the correct assignments of the Peaks a, b, c and
e in Figure 2 as ␣-pinene, camphene, limonene, and
camphor, respectively. These four volatile compounds
were previously identified as the major components of
the leaf oils from Picea species [21].
Figure 3 (bottom) shows a TIC segment from PC/
GC/FT-ICR MS analysis of the authentic ␣-pinene and
camphene isomers (from RT ⫽ 1200 to 1400 s). To
acquire the data in Figure 3, 250 L of headspace was
withdrawn from a septum sealed 40-mL vial that contained ⬃50 mg each of ␣-pinene and camphene. The 50
mg was in large excess of the amount required to
maintain saturated vapor pressures (SVPs) of camphene
(SVP ⫽ 2.6 torr) and ␣-pinene (SVP ⫽ 5.0 torr) at 25 °C
[52]. The headspace sample was manually injected onto
the GC for FT-ICR MS analysis. To correct for the PC
transfer line delay times, additional experiments for all
four authentic ␣-pinene, camphene, limonene, and camphor samples were performed (data not shown). The
GC retention times shown in Figures 3 and 4 were
corrected for the PC/GC transfer line (⬃2 m in total
length) delay time (⬃20 s, the time required for samples
to travel from module 3 in PC to GC injection port, as
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measured experimentally). Comparisons between the
GC retention times as well as the observed mass spectral fragmentation patterns of unknowns and authentic
samples confirmed the correct assignments of the peaks
a, b, c and e in Figure 2 as ␣-pinene, camphene,
limonene, and camphor, respectively.
The GC peaks in Figure 3 (RT ⬃1280-1325 s and
RT⬃1325-1370 s) are made up of about ten averaged
mass spectra (viz., total of about five hundred mass
spectra acquired across each GC peak). In other words,
each point (e.g., Points A or B) on the GC plot of Figure
3 represents an average of fifty mass spectra. The
observed GC baseline peak widths for ␣-pinene and
camphene were ⬃45 s each. The longitudinal diffusion
and GC peak broadening occurs within the 2 meter (0.5
mm i.d.) transfer line due to reduced mass flow rate
after the jet separator. The current GC software requires
a 1 s delay before acquiring the next averaged mass
spectrum. The duty cycle for each mass spectrum was
about 60 ms, and the electron beam was on for 45 ms. To
reduce interferences from the metastable decay and/or
ion-molecule reactions inside the ICR cell, we used
short duty cycles (i.e., 60 ms in this case). Prior to ion
detection, there was only ⬃5 ms reaction delay event
after the end of the ionization period (the ion excitation
and detection events require ⬃10 ms). Hence, ionmolecule reactions were insignificant and did not alter
the observed mass spectral appearances. The appearance of the GC/FT-ICR mass spectra (e.g., ethanol,
acetone, hexane, benzene, toluene, m-xylene, ␣-pinene,
camphene, limonene, and camphor) at such short delay
times resembled conventional 70 eV mass spectra and,
therefore, NIST (http://webbook.nist.gov/chemistry/)
or other conventional mass spectral library searches
could be used to identify unknown analytes.
The molecular ion regions for ␣-pinene and camphene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 3 are shown in
Figure 3a and b, respectively. The molecular ion regions
for both ␣-pinene and camphene are virtually identical.
The relative abundance of M䡠⫹ and [M ⫹ 1]⫹ peaks of
the ␣-pinene and camphene suggest that for the 60 ms
duty cycle the carbon thirteen isotopomer
䡠⫹
[12C13
ions (13C1 of M䡠⫹ at m/z ⫽ 137.128) are the
9 C1H16]
major components of the [M ⫹ 1]⫹ peaks at m/z 137.
Potential [M ⫹ H]⫹ ions from SCI (12C10H⫹
17 at m/z ⫽
137.132) do not significantly contribute to the intensity
of the peak at m/z ⬃137.
Figure 4 shows a TIC segment from PC/GC/FT-ICR
MS analysis of the authentic ␣-pinene and camphene
samples (from RT ⫽ 1200 to 1400 s). The injected
headspace volume (from the 40-mL vial containing
sufficient ␣-pinene and camphene to maintain saturated
vapor pressures) and GC variable parameters were
identical in Figures 3 and 4. However, the mass spectral
data acquisition parameters for Figures 3 and 4 were
different. Specifically, each point on the GC plot of
Figure 4 represents only a single mass spectrum (vis-àvis average of fifty mass spectra in Figure 3). For the
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mass spectral SCI-based differentiation of ␣-pinene and
camphene, we increased the time required to acquire
each mass spectrum from 60 ms in Figure 3 to 5000 ms
in Figure 4. In addition, we increased the ionization
event (electron beam on) from 45 ms (in Figure 3) to 600
ms in (Figure 4). The increased reaction delay from ⬃5
ms (in Figure 3) to ⬃4400 ms (in Figure 4) allowed for
ion-molecule reactions to take place inside the ICR cell.
The molecular ion regions for ␣-pinene and camphene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 4 are shown in
Figure 4a and b, respectively. The GC TIC for Figures 3
and 4 are similar. Conversely, the molecular ion regions
for ␣-pinene and camphene in Figures 3 and 4 are
different. For example, at the longer reaction delay time
of ⬃4400 ms (in Figure 4), new peaks at m/z ⬃135 that
correspond to products of hydride abstraction from
␣-pinene and camphene were observed. More significantly, protonated molecules from SCI at m/z ⬃137
were formed. The relative ratios of M䡠⫹ to [M ⫹ 1]⫹
peaks for the ␣-pinene (Figure 4a) and camphene (Figure 4b) were significantly different. The superscript (䡠)⫹
symbols in the panels of Figures 3 and 4 indicate that
the mass spectral peaks at m/z ⬃137, for both isomers,
䡠⫹
may contain 13C1M䡠⫹ or [12C13
(m/z ⫽ 137.128)
9 C1H16]
⫹
as well as [M ⫹ H] SCI product 12C10H⫹
17 (m/z ⫽
137.132) ions. Figure 5d, contains high resolution mass
spectrum of the camphene molecular ion region, acquired under different experimental conditions where
the isotopomers were fully resolved (mass resolving
power, ⬃150,000, Table 1).
A comparison between Figure 4a and b indicates that
the relative abundance of the protonated camphene is
higher than that of the ␣-pinene isomer. During the SCI
events, the relative abundance of the camphene GC
peak was lower than that of ␣-pinene GC peak. Assuming similar ionization cross sections for the two isomers,
we conclude that the relative partial pressure of
␣-pinene (IE␣-pinene ⫽ 8.07 eV) during the SCI inside the
ICR cell (TIC Point A in Figure 4) was at least two-fold
higher than camphene’s (IEcamphene ⱕ 8.86 eV) (see
http://webbook.nist.gov) partial pressure (TIC Point B
in Figure 4). Compared to camphene, even at a higher
␣-pinene relative partial pressure, the SCI of ␣-pinene
in Figure 4 was negligible and the peak for [M ⫹ 1]⫹ in
Figure 4b was higher than the corresponding peak in
Figure 4a. The relative heights of the M䡠⫹ and [M ⫹ 1]⫹
peaks in Figure 4a and b can be used to differentiate
␣-pinene and camphene isomers. Further details on
␣-pinene and camphene SCI have been presented at the
2003 ASMS conference [53] and is also the subject
matter of a forthcoming article [54]. A brief discussion is
provided in the following paragraph.
Controlled ion-molecule experiments, using a
pulsed-leak valve sample introduction system [48],
were performed to determine the factors giving rise to
the different SCI patterns of camphene and ␣-pinene.
Preliminary results were presented [55] and full details
and results will be published in the near future. Briefly,
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major ions produced in the 24-eV EI of camphene or
␣-pinene (viz., m/z, 91, 93, 107, 121, 136) were individually SWIFT isolated and then allowed to react either
unimolecularly or by SCI for specified reaction delays.
It was observed that only camphene molecular ions had
a major long-lived metastable component (⬃50%,  ⬃30
s, major product ions at m/z 92, 94, and 121). These
excited ions gave rise to the SCI product ion at m/z 137.
No metastable ␣-pinene molecular ions were observed
under our experimental conditions (time between EI
and detection events varied from ⬃450 ms to 500 s). The
minimum time for ion isolation (due to high pressure
and SWIFT time requirement) was 450 ms after the
ionization event. The precursor ␣-pinene and “cold”
camphene molecular ions, as well as their major fragment ions, yielded an insignificant amount of m/z 137
by SCI.
Proton transfer bracketing reactions (data not shown
here) suggest that the proton affinities for the two
terpenes are similar and approximately ⬃210 kcal/
mole. A density functional theory (DFT) calculation by
Ebmeyer places ␣-pinene proton affinity less than one
kcal/mole above that of camphene [56]. Proton affinities alone are not sufficient to determine the thermochemistry of a proton-transfer reaction. For any proton
transfer reaction, acidities of the ions and basicities of
the neutrals will determine the overall free energy
change. The proton affinities of ␣-pinene and camphene
are similar. Hence, acidities of the ␣-pinene and camphene molecular ions could be different; similarly,
acidities of their fragment ions, such as m/z 93 from
camphene compared with m/z 93 from ␣-pinene, could
be different. We observed that isolated “cold” camphene molecular ions did not yield measurable SCI.
Therefore, considering the importance of kinetic and
thermodynamic controlling factors, acidity of the excited M䡠⫹ camphene ions may be an important controlling factor for camphene SCI.
Figure 5 shows a GC selected ion chromatogram
(SIC) and FT-ICR high resolution mass spectrum obtained from analysis of 30 L of headspace taken from
a septum-capped 40-mL vial containing a sufficient
camphene sample to maintain saturated vapor pressure. Using camphene saturated vapor pressures at
various temperatures [52] and integrated form of Clausius-Clapeyron equation (i.e., lnP versus 1/T), the vapor pressure of camphene at the laboratory temperature
of 25 °C was calculated to be ⬃2.6 torr (i.e., ⬃4.0 nmole
injection onto GC column from the 30 L camphene
headspace sample). The data acquisition was started 8
min after the GC injection event to reduce the computer
data file size. A 500-ms GC effluent segment was pulsed
into the ICR cell approximately every 29 s. The GC peak
was ⬃25 s wide at half height (determined from separate experiments). The displayed insets were all constructed (in Microsoft Excel) from mass spectral data
acquired in heterodyne mode (m/z 136 ⫾ 10). The 1024 k
time domain data were fast Fourier transformed (Blackman window with two zero fills) to frequency domain
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data using IonSpec furnished software. The resulting
frequency domain data were converted to ASCII mass
spectral data and imported into Microsoft Excel. Advanced curve fittings were not used in Microsoft Excel
and only line connectors were used to join the raw data
points. IonSpec software utilizes more advanced curve
fitting functions to display mass spectral peaks. These
different curve fitting methods induce small differences
in the derived mass spectral parameters (e.g., peak
centroid, peak width). In Table 1, we have listed the
more conservative mass resolution values generated by
IonSpec software.
Figure 5a (bottom) shows the SIC for m/z 137 ⫾ 3.
The SIC peak contains only 3 points. A duty cycle of
⬃29 s was used to reduce the pressure inside the ICR
cell to below 1 ⫻ 10⫺9 torr (as indicated on a remote ion
gauge display) during the excite and detect events.
Figure 5b (middle) shows the mass spectrum corresponding to the SIC peak maximum. Figure 5c and d
(top two insets), show expanded regions (m/z 0.012
mass range) of the peaks at m/z ⬃136.1247 and
⬃137.1325 from Figure 5b. Peak at m/z 136.1203, (labeled as 1 in Figure 5c), is the 13C1 isotope of the
camphene [M ⫺ H]⫹ ion and peak at m/z 136.1247,
(labeled as 2 in Figure 5c), corresponds to the camphene
molecular ion (M䡠⫹). Peak at m/z 137.1280, (labeled as 3
in Figure 5d) is the 13C1 isotope of M䡠⫹, whereas peak at
m/z 137.1325, (labeled as 4 in Figure 5d), corresponds to
the protonated camphene, [M ⫹ H]⫹. The mass resolving powers (m/⌬m50%) for all observed peaks in Figure
5 were in the range of 140,000 – 185,000 (Table 1). The
relative abundance of 13C1 peaks is in good agreement
with natural abundance of carbon isotopes. The method
detection limit (at S/N of 3) for high resolution GC/FTICR of camphene at m/z 137 (S/N ⫽ 150 for an oncolumn injection of 4.0 nmol of camphene) is estimated
to be ⬍ 2 pmol. A summary of the mass spectral data is
provided in Table 1. Columns 1–7 contain experimentally measured masses, exact masses, mass measurement accuracy, elemental compositions, relative ion
intensities, mass resolving power, and peak labels used
in Figure 5, respectively. The mean absolute mass
measurement error of ⬍ 0.36 ⬎ ppm for high resolution
GC/FT-ICR MS data (Figure 5) is given at the bottom of
the third column in Table 1.
For the isomer differentiation method presented
here, we have used the analyte molecules as the chemical reagent gases for SCI. However, other reagents (not
investigated in the present study) can be used to
enhance the selectivity of this method and extend its
utility to other classes of chemicals. In addition to
protonation, hydride abstraction, fragmentation, dimer
formation, and other ion-molecule reactions may be
used for isomer differentiation. Although we only show
the mass spectral comparison between Points A and B
(presumably the high-pressure regions of the GC TIC)
[11], it should be noted that enhanced SCI is observed
for camphene across the GC TIC peak in Figure 4.
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Conclusions
The successful coupling of a PC to GC/FT-ICR MS was
described. Ion-molecule reactions such as SCI were
utilized to add an additional dimension to modern
GC/MS analysis protocols. The PC/GC/FT-ICR MS
requires minimal sample preparation and provides
remarkable analytical performance characteristics such
as high mass measurement accuracy and high mass
resolving power.
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6HOI&KHPLFDO,RQL]DWLRQRI&DPSKHQHDQGα
α3LQHQH,VRPHUV,RQLF([FLWHG6WDWH$FLGLWLHV
1HXWUDO3URWRQ$IILQLWLHVDQGRWKHU7KHUPRFKHPLFDO&RQVLGHUDWLRQV
3DUW$±0HWDVWDEOHDQG6&,5HDFWLRQVRI0ROHFXODU,RQV
-DQ(6]XOHMNRDQG7RXUDGM6RORXNL
&KHPLVWU\'HSDUWPHQW$XEHUW+DOO8QLYHUVLW\RI0DLQH2URQR0(
$%675$&7 ZRUGFRXQW 
&KHPLFDO SURFHVVHV LQYROYHG LQ VHOI FKHPLFDO LRQL]DWLRQ 6&,  RI αSLQHQH DQG FDPSKHQH
LVRPHUV ZHUH LQYHVWLJDWHG (OHFWURQ LPSDFW )RXULHU WUDQVIRUP LRQ F\FORWURQ UHVRQDQFH (, )7
,&5  H[SHULPHQWV UHYHDOHG WKDW αSLQHQH DQG FDPSKHQH PROHFXODU LRQV JHQHUDWHG DW  H9
ZHUHSURGXFHGZLWKYDU\LQJGHJUHHVRILQWHUQDOHQHUJLHV$WDPELHQWODERUDWRU\WHPSHUDWXUH a
±°& DQGaPVDIWHUWKHLRQL]DWLRQHYHQWDERXW±RIWKHVXUYLYLQJFDPSKHQH
PROHFXODU LRQV ZHUH PHWDVWDEOH ZLWK D WLPH FRQVWDQW τ ≅  ±  V 5    OLIHWLPHV
GHFUHDVHGZLWKLQFUHDVLQJ,&5FHOOWHPSHUDWXUH&RQYHUVHO\WKHαSLQHQHPROHFXODULRQVGLGQRW
VKRZ DQ\ PHDVXUDEOH XQLPROHFXODU GLVVRFLDWLRQ SURGXFW LRQV XS WR  V UHDFWLRQ GHOD\
([FLWHG αSLQHQH DQG FDPSKHQH PROHFXODU LRQV \LHOGHG SURGXFW LRQV WKURXJK WZR GLIIHUHQW
GLUHFWFKDUJHWUDQVIHU &7 DQGLQGLUHFWSURWRQWUDQVIHU 37 UHDFWLRQPHFKDQLVPVUHVSHFWLYHO\
,Q FRQWUDVW WKHUPDOL]HG αSLQHQH DQG FDPSKHQH PROHFXODU LRQV GLG QRW XQGHUJR PHDVXUDEOH
FKDUJHWUDQVIHURU6&,7KHUPDOL]HGP[\OHQH ,(  H9 PROHFXODULRQVHIILFLHQWO\FKDUJH
WUDQVIHUUHG WR FDPSKHQH DQG \LHOGHG SDUHQW P]   DQG IUDJPHQW FDPSKHQH LRQV HJ P]
 HVWDEOLVKLQJDQXSSHU,(OLPLWRIH9IRUFDPSKHQH UHSRUWHGOLWHUDWXUHYDOXHLV³
H9´  1RQWKHUPDOL]HG FDPSKHQH PROHFXODU LRQV HIILFLHQWO\ LRQL]HG EHQ]HQH ,(   H9
LQGLFDWLQJ H[FLWHG FDPSKHQH PROHFXODU LRQ LQWHUQDO HQHUJ\ FRQWHQW RI !  H9 &ROOLVLRQDO

FRROLQJ ZDV PRUH HIIHFWLYH WKDQ UDGLDWLYH FRROLQJ IRU WKHUPDOL]LQJ WKH LQWHUQDOO\ H[FLWHG (,
JHQHUDWHGFDPSKHQHPROHFXODULRQV
.H\ZRUGV )7,&5 ,VRPHU 'LIIHUHQWLDWLRQ &DPSKHQH α3LQHQH ,QWHUQDO (QHUJ\ 6HOI
&KHPLFDO ,RQL]DWLRQ 3URWRQ $IILQLW\ .LQHWLFV 0HWDVWDEOH DQG ([FLWHG ,RQV %,5'
7KHUPDOL]DWLRQ,RQ0ROHFXOH5HDFWLRQV
&RUUHVSRQGLQJDXWKRU76RORXNL(PDLOVRORXNL#PDLQHHGX
3DJHRI

,1752'8&7,21
3UHYLRXVO\ZHXVHGD3UH&RQFHQWUDWRU*DV&KURPDWRJUDSK\)RXULHU7UDQVIRUP ,RQ&\FORWURQ
5HVRQDQFH 0DVV 6SHFWURPHWU\ 3&*&)7,&5 06  IRU KHDGVSDFH DQDO\VLV RI GHWDFKHG SLQH
WZLJV >@ ,W ZDV REVHUYHG WKDW *& HOXWHG FDPSKHQH &+  XQGHUZHQW 6&, ZKHUHDV RWKHU
WHUSHQH LVRPHUV &+  GLG QRW VKRZ DQ\ VLJQLILFDQW 6&, SURGXFWV 7KLV ZDV HYLGHQFHG E\ D
VPDOOHU P]  UDWLR a   IRU FDPSKHQH FRPSDUHG WR RWKHU *& HOXWHG WHUSHQH LVRPHUV
VXFK DV αSLQHQH  ZKLFK VKRZHG ³QRUPDO´ QDWXUDO LVRWRSLF DEXQGDQFH a   7KH 6&,
FKDUDFWHULVWLFVRIDQDO\WHVFDQEHXVHGWRGLIIHUHQWLDWHLVRPHUV >@DQGUHIHUHQFHVFLWHGWKHUHLQ 
9DULDWLRQVLQWKHREVHUYHG6&,SDWWHUQVIRUαSLQHQHDQGFDPSKHQHLVRPHUVVSDUNHGRXULQWHUHVW
WRILQGWKHUHDVRQVIRUWKHLUGLIIHUHQW6&,SURSHQVLWLHV7KHFKHPLFDOVWUXFWXUHVRIαSLQHQHDQG
FDPSKHQHLVRPHUV &+ DUHVKRZQEHORZ

&DPSKHQH

α3LQHQH

:H GHVLJQHG H[SHULPHQWV WR HOXFLGDWH WKH GHWDLOHG LRQ FKHPLVWU\ RI WKHVH WZR LVRPHUV
DQG DQVZHU WKH IROORZLQJ IXQGDPHQWDO TXHVWLRQV   :K\ 6&, RI αSLQHQH DQG FDPSKHQH
LVRPHUV DUH GLIIHUHQW DQG ZKDW DUH WKH NH\ FKHPLFDO SURFHVVHV LQYROYHG"   &DQ ZH XVH RXU
H[SHULPHQWDOILQGLQJVDQG FRQVWUXFW DVLPSOH PDWKHPDWLFDO PRGHO WR SUHGLFW 6&,PDVVVSHFWUDO
SDWWHUQVIRUαSLQHQHDQGFDPSKHQHDVDIXQFWLRQRIWLPHDQGSUHVVXUH"
,QWHUQDO HQHUJ\ FRQWHQW RI LRQV FDQ LQIOXHQFH PDVV VSHFWUDO DSSHDUDQFHV >@ DQG
WKHRUHWLFDO PRGHOV KDYH EHHQ XVHG WR GHVFULEH WKH HOHFWURQ LPSDFW (,  PDVV VSHFWUDO UHDFWLRQ
NLQHWLFV>@7KHLQWHUQDOHQHUJ\FRQWHQWRIDUHDFWDQWLRQPD\DOVRLQIOXHQFHLWV6&,DQGSURGXFW
FKDQQHO EUDQFKLQJ UDWLRV 7R DQVZHU WKH DIRUHPHQWLRQHG TXHVWLRQV   DQG   ZH IRFXVHG RQ
3DJHRI

IRXU VSHFLILF DUHDV 7KHVH IRXU UHVHDUFK DUHDV LQFOXGHG L PHWDVWDEOH SURSHUWLHV RI SDUHQW DQG
IUDJPHQWLRQVRIWKHWZRLVRPHUVLLLQWHUQDOHQHUJ\FRQWHQWRIWKHαSLQHQHDQGFDPSKHQHLRQV
LLL UHDFWLYLWLHV RI PDMRU IUDJPHQW LRQV RI αSLQHQH DQG FDPSKHQH DQG ILQDOO\ LY SURWRQ
DIILQLWLHVRIαSLQHQHDQGFDPSKHQH )RUGHWDLOHGDQDO\VLV DQGHQKDQFHGFRPSUHKHQVLRQRIWKH
YROXPLQRXVGDWDRQDOOIRXUDUHDVPHQWLRQHGDERYHZHRSWHGWRGLYLGHRXUGLVFXVVLRQLQWRWZR
SDUWV$DQG%,QSDUW$RIWKLVVHULHVZHH[DPLQHWKHUROHRILQWHUQDOO\H[FLWHGPROHFXODULRQV
RQ6&,DQGGLVFXVVWKHUHVXOWVIURPPHWDVWDEOHDQGFKDUJHWUDQVIHUUHDFWLRQV LHDUHDVLDQGLL 
7KHUHPDLQLQJDUHDV LHLLLUHDFWLYLWLHVRIPDMRUIUDJPHQWLRQVDQGLYSURWRQDIILQLWLHVRIα
SLQHQHDQGFDPSKHQHDVZHOODVPRGHOLQJUHVXOWV ZLOOEHSUHVHQWHGLQSDUW%
6SHFLILFDOO\ LQ SDUW $ ZH UHSRUW UHVXOWV IURP DPELHQW EODFNERG\ LQGXFHG UDGLDWLYH
GLVVRFLDWLRQ %,5' W\SHH[SHULPHQWV>@RQFDPSKHQHPROHFXODUFDWLRQVDWURRPWHPSHUDWXUH
DQGDIWHUILODPHQWKHDWLQJRIWKH,&5FHOO:HDOVRSUHVHQWUHVXOWVIURPLRQPROHFXOHUHDFWLRQVRI
WKHLVRODWHGPROHFXODUFDWLRQVWRHVWLPDWHVSHFLILFFRQWULEXWLRQVWRIRUPDWLRQRIWKH6&,SURGXFWV
,Q DGGLWLRQ ZH XVH DQ ³LRQ WKHUPRPHWU\´ >@ W\SH H[SHULPHQWDO DSSURDFK DQG UHVXOWV IURP
FKDUJH WUDQVIHU UHDFWLRQV WR HVWLPDWH LQWHUQDO HQHUJ\ FRQWHQW RI ³ KRW´ DQG ³FRROHG´ FDPSKHQH
LRQV )LQDOO\ ZH GLVFXVV WKH UHODWLYH HIILFLHQFLHV RI FROOLVLRQDO DQG XQLPROHFXODU FRROLQJ IRU
UHOD[LQJH[FLWHGFDPSKHQHPROHFXODULRQV
,QSDUW%ZHZLOOUHSRUWGHWDLOVFRQFHUQLQJWKHLQIOXHQFHRISURWRQDIILQLW\LRQDFLGLW\
DQGIUDJPHQWLRQUHDFWLYLW\RQ6&,RIαSLQHQHDQGFDPSKHQH,QILQDOFRQFOXVLRQDQGEDVHGRQ
WKHUHVXOWVUHSRUWHGLQSDUWV$DQG%ZHZLOOSUHVHQWDVLPSOHPRGHOWRSUHGLFW6&,PDVVVSHFWUDO
SDWWHUQVDVDIXQFWLRQRIWLPHDQGSUHVVXUH
(;3(5,0(17$/
,QVWUXPHQWDWLRQ
$OOH[SHULPHQWVZHUHSHUIRUPHGRQD7)7,&506 ,RQ6SHF&RUSRUDWLRQ)RUHVW/DNH&$
>@([SHULPHQWVZHUHSHUIRUPHGLQLQWHUQDOLRQJHQHUDWLRQ(,PRGH7KHSUHYLRXV*&)7,&5
06VWXGLHVZHUHSHUIRUPHGDWH9HOHFWURQLPSDFWWRHOLPLQDWHLRQL]DWLRQRIWKHKHOLXPFDUULHU
3DJHRI

JDV>@+HQFHZHXVHGWKHVDPHLRQL]DWLRQHQHUJ\IRUWKHEXONRIWKHVWXGLHVGHVFULEHGKHUHLQ
7KH VWRUHG ZDYHIRUP LQYHUVH )RXULHU WUDQVIRUP 6:,)7  >@ ZDV XVHG WR LVRODWH WKH LRQV RI
LQWHUHVW7KHLVRODWHGLRQVZHUHDOORZHGWRUHDFWHLWKHUXQLPROHFXODUO\RUZLWKDPELHQWSKRWRQV
RU ZLWK FKHPLFDO UHDJHQWV XVLQJ WKH UHSUHVHQWDWLYH HYHQW VHTXHQFHV VKRZQ VFKHPDWLFDOO\ LQ
)LJXUH
)LJXUH  VKRZV UHSUHVHQWDWLYHHYHQW VHTXHQFHVD E FDQG GXVHG LQ WKLV VWXG\ )RU WKH
PDVVVSHFWUDOGDWDDFTXLVLWLRQLRQUHPRYDOTXHQFK 4 SXOVHGYDOYHVDPSOHLQWURGXFWLRQ 39 
HOHFWURQ LPSDFW (,  ILUVW LRQ LVRODWLRQ ,62  VHFRQG LRQ UHLVRODWLRQ ,62 LV SUHVHQW LQ
VHTXHQFHV FDQGGRQO\ YDULDEOHPHWDVWDEOHGHFD\ 90' RU %,5'W\SHUHDFWLRQGHOD\XSWR
 V DQG YDULDEOH SXOVHG OHDN YDOYH LRQPROHFXOH UHDFWLRQ GHOD\ 93/9'  XS WR  V
HYHQWVZHUHXVHGDVQHHGHG$GGLWLRQDOGHWDLOVRQVSHFLILFH[SHULPHQWVDUHJLYHQLQWKHWH[W,Q
VRPHH[SHULPHQWVDGGLWLRQDO39DQGLRQLVRODWLRQHYHQWVZHUHXVHGIRU6&,DQGLRQFRROLQJDV
QHHGHG QRWVKRZQLQ)LJXUH 
&KHPLFDOVDQG6DPSOH3UHSDUDWLRQ
7KH WHUSHQH DQG FKHPLFDO UHDJHQWV ZHUH SXUFKDVHG IURP $OGULFK &KHPLFDO &RPSDQ\ ,QF
0LOZDXNHH :,  DQG XVHG ZLWKRXW IXUWKHU SXULILFDWLRQ H[FHSW IRU FRQYHQWLRQDO IUHH]HWKDZ
GHJDVVLQJSURFHGXUHRQWKHVDPSOHLQWURGXFWLRQV\VWHP$QDO\WHVZHUHLQWURGXFHGLQWRWKH,&5
FHOOWKURXJKWKHSXOVHGDQGRUSXOVHGOHDN>@YDOYHVDPSOHLQWURGXFWLRQV\VWHPV
3UHVVXUH*HRPHWU\)DFWRU'HWHUPLQDWLRQ
$QDO\WH SUHVVXUHV ZHUH PHDVXUHG E\ D UHPRWH *UDQYLOOH3KLOLSV VHULHV  %D\DUG$OSHUW
%RXOGHU&2 W\SHLRQL]DWLRQJDXJHWXEH ORFDWHGaPIURPWKH ,&5FHOO DQG FRUUHFWHGIRU
WKHLUUHODWLYHLRQJDXJHFKHPLFDOVHQVLWLYLW\ &6 >@(VWLPDWHG>@DQGOLWHUDWXUHUHSRUWHG
PROHFXODUSRODUL]DELOLWLHV 03 >@ZHUHXVHGWRFRUUHFWLRQJDXJHSUHVVXUHUHDGLQJVEDVHGRQ
03YV&6FRUUHODWLRQVFKHPHV>@$SUHVVXUHJHRPHWU\IDFWRUZDVDOVRDSSOLHGWRHVWLPDWHWKH
DFWXDO DQDO\WH SUHVVXUH LQ WKH ,&5 FHOO 7KH SUHVVXUH JHRPHWU\ IDFWRU LV GHILQHG DV FKHPLFDO
VHQVLWLYLW\FRUUHFWHGLRQJDXJHSUHVVXUHUHDGLQJ  DFWXDO,&5FHOOSUHVVXUH 
3DJHRI

7KH ELPROHFXODU UDWH FRQVWDQW IRU WKH SURWRQ WUDQVIHU UHDFWLRQ IURP &+&2 WR DFHWRQH
^&+&2 P]    &+2 ĺ &+&2  &+2 P]  ` ZDV FKRVHQ WR GHWHUPLQH WKH
SUHVVXUH JHRPHWU\ IDFWRU UHDFWLRQ   7DEOH ,  $Q DYHUDJHG ,&5 OLWHUDWXUH SURWRQ WUDQVIHU
UHDFWLRQ 375 UDWHRI[ PROFPV>@DQGDQLRQJDXJHVHQVLWLYLW\IDFWRURI>@
IRUDFHWRQHZHUHXVHGWRGHWHUPLQHWKHSUHVHQWSUHVVXUHJHRPHWU\IDFWRU J RIIRURXU,&5
YDFXXP FKDPEHU $OO ELPROHFXODU UDWH FRQVWDQWV GHWHUPLQHG LQ WKLV ZRUN LQFOXGLQJ WKRVH
UHSRUWHGLQ7DEOH,KDYHEHHQVFDOHGXVLQJDJ 7KHWHPSHUDWXUHRIQHXWUDOUHDJHQWVLQWKH
,&5FHOOZDVWDNHQDVa ± .WKHPHDVXUHGDPELHQWODERUDWRU\WHPSHUDWXUH
7KHH[SHULPHQWDOELPROHFXODUUDWHFRQVWDQWVDUHUHSRUWHGZLWKDQHVWLPDWHGSUHFLVLRQRI
 DW  FRQILGHQFH OHYHO WKH  FRQILGHQFH LQWHUYDOV ZHUH FRQVHUYDWLYHO\ HVWLPDWHG E\
SHUIRUPLQJ PXOWLSOH H[SHULPHQWV )RU H[DPSOH WR GHWHUPLQH WKH FHOO JHRPHWU\ IDFWRU DFHWRQH
ZDV ERWK OHDNHG LQWR WKH ,&5 FHOO FRQWLQXRXVO\ FRQYHQWLRQDO OHDN YDOYH LQWURGXFWLRQ HJ
UHDFWLRQ7DEOH, DQGZDVLQWURGXFHGYLDSXOVHGOHDNYDOYH>@LQVHSDUDWHH[SHULPHQWV)RU
Q   DFHWRQH LRQPROHFXOH UHDFWLRQV &+&2  &+2 ĺ &+&2  &+2  \LHOGHG DQ
DYHUDJHH[SHULPHQWDOUDWHFRQVWDQWIRUP]→P]RI[ZLWKDVWDQGDUGGHYLDWLRQ
RI  [  FP PRO V XQFRUUHFWHG IRU FHOO JHRPHWU\  7KH H[SHULPHQWDO HUURUV SULPDULO\
DULVH IURP SUHVVXUH PHDVXUHPHQW LQDFFXUDFLHV DQG REVHUYHG LRQ DEXQGDQFH XQFHUWDLQWLHV ,Q
DGGLWLRQWRWKHDFHWRQHSURWRQWUDQVIHUUHDFWLRQ UHDFWLRQ7DEOH, WKHDVVRFLDWLRQUHDFWLRQRI
SURWRQDWHGDFHWRQHZLWKQHXWUDODFHWRQH ^&+2 P] &+2ĺ>&+2@+ P] `
ZDVPRQLWRUHGWRUHFKHFNWKHSUHVVXUHJHRPHWU\IDFWRU7KHDSSDUHQWDVVRFLDWLRQUDWHFRQVWDQW
IRUWKHIRUPDWLRQRIWKHLRQDWP]PHDVXUHGDWDQXQFRUUHFWHGDFHWRQHSUHVVXUHRI[
WRUU UHDFWLRQ7DEOH, ZDV[FPV XVLQJD&6 DQGDJ  WKLVYDOXHLV
LQIDLUDJUHHPHQWZLWKWKH,&5UHVXOWV Na[FPV RI.RIHODQG0F0DKRQ>@
'DWD$QDO\VLVDQG.LQHWLF6FKHPHV
7KHLRQDEXQGDQFHGDWDIURP,RQ6SHFVRIWZDUHRXWSXWZHUHQRUPDOL]HGWRRQHIRUHDFKUHDFWLRQ
GHOD\WLPHDQGDQDO\]HGXVLQJSVHXGRILUVW VFKHPH DQGVHFRQG VFKHPH RUGHUH[SRQHQWLDO
GHFD\NLQHWLFVFKHPHV7KHFXUYHILWWLQJUHVXOWVIURP2ULJLQVRIWZDUH 2ULJLQ/DE&RUSRUDWLRQ
3DJHRI

1RUWKKDPSWRQ0$ ZHUHXVHGWRGHWHUPLQHWKHXQLPROHFXODUDQGRUELPROHFXODUUDWHFRQVWDQWVDV

ZHOODVWKHUHDFWLYHSRSXODWLRQIUDFWLRQV
6FKHPH,UUHYHUVLEOH SVHXGR ILUVWRUGHUGHFD\
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(TXDWLRQ 

ZKHUH >$@ LV WKH DEXQGDQFH RI WKH $ LRQV DW D JLYHQ UHDFWLRQ GHOD\ WLPH W V  >$X@ LV WKH
XQUHDFWLYHIUDFWLRQRIWKH$LRQV>$U@LVWKHLQLWLDOFRQFHQWUDWLRQRIWKHUHDFWLYHIUDFWLRQRI$
DWWKHHQG RIWKHODVW LRQLVRODWLRQHYHQW HJ HQGRI ,62 DQG ,62LQ)LJXUHV DE DQGFG
UHVSHFWLYHO\ τ1LVWKHSVHXGRILUVWRUGHUWLPHFRQVWDQW%LVHLWKHUWKHUHDFWDQWQHXWUDOFRPSRXQG
RU DPELHQW SKRWRQV IRU D %,5' W\SH UHDFWLRQ DQG & LVDUH WKH QHXWUDO SURGXFW V  )RU D WUXH
XQLPROHFXODUUHDFWLRQ%LVQRWSUHVHQW
6FKHPH,UUHYHUVLEOHVWHS SVHXGR ILUVWRUGHUFRQVHFXWLYHGHFD\UHDFWLRQV
N
N
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LQ WKLV FDVH UHDFWLRQV DUH 
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$PDWKHPDWLFDOUHODWLRQVKLSWKDWUHODWHVNDQGNFDQEHXVHGWRVROYHIRUXQNQRZQSDUDPHWHUV
VXFK DV N DQG UHDFWLYH IUDFWLRQ 3U  RI WKH LQWHUPHGLDWH SURGXFW LRQ 3  )RU WKH UHDFWLRQV
UHSRUWHGKHUHLQZHDVVXPHGWKDWWKHLQWHUPHGLDWHVSHFLHV 3 KDGQRXQUHDFWLYH FRPSRQHQWV
LH>3@ >3U@7KLVLVDUHDVRQDEOHDVVXPSWLRQEHFDXVHLI>$U@LQHTXDWLRQZDVDOORZHGWR
IORDWWKHYDOXHUHWXUQHGE\2ULJLQZDVZLWKLQRIWKHYDOXHREWDLQHGXVLQJHTXDWLRQ,Q
DGGLWLRQ DOO LQWHUPHGLDWH SURGXFW LRQV UHDFWHG DZD\ HJ UHDFWLRQ   7DEOH ,  7KH 2ULJLQ 
3DJHRI

FXUYHILWWLQJFRUUHODWLRQFRHIILFLHQWVIRUVFKHPHW\SHUHDFWLRQVZHUHDOO$GHULYDWLRQRI
DVWHSFRQVHFXWLYHUHDFWLRQLVJLYHQLQUHIHUHQFH>@)RUH[DPSOHHTXDWLRQFDQEHXVHGWR
FXUYHILWWKHWHUSHQHLRQPROHFXOHUHDFWLRQNLQHWLFGDWDDQGH[WUDFWτ2DQGUHDFWLYHIUDFWLRQ 3U
RIWKHLQWHUPHGLDWHSURGXFWLRQ 3 
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(TXDWLRQ 

(TXDWLRQ  LV YDOLG IRU WKH LQLWLDO FRQGLWLRQ >3@   DW W   V ,Q RWKHU ZRUGV QR
LQWHUPHGLDWHSURGXFWLRQVVKRXOGEHSUHVHQWDWWKHEHJLQQLQJRIWKHUHDFWLRQGHOD\WLPH7KH]HUR
UHDFWLRQGHOD\WLPH W V FRUUHVSRQGVWRWKHHQGRIWKHODVWLRQLVRODWLRQHYHQWVLQ)LJXUHDQG
QRWWKHLRQL]DWLRQHYHQW7KHDVVXPSWLRQWKDW>3@ DWW VZDVYDOLGIRURXUH[SHULPHQWV
ZKHUH 6:,)7 LVRODWLRQ ZDV XVHG WR HMHFW DOO RWKHU LRQV EXW $ 8VLQJ HTXDWLRQV  DQG  WKH
XQNQRZQSDUDPHWHUVτ1τ2DQGFRQFHQWUDWLRQVRIWKHUHDFWLYHDQGXQUHDFWLYHFRPSRQHQWVLQD
VWHSLRQPROHFXOHUHDFWLRQFDQEHREWDLQHG7RH[WUDFWWKHXQNQRZQSDUDPHWHUVYLDFXUYHILWWLQJ
RIHTXDWLRQWKHIROORZLQJVWHSVZHUHHPSOR\HG
6WHS8VHHTXDWLRQDQGNLQHWLFSORWVWRILQGτDQG>$U@
6WHS  6XEVWLWXWH τ DQGRU >$U@ LQWR HTXDWLRQ  DV FRQVWUDLQWV DQG ILQG τ ,Q FDVHV ZKHUH
VXIILFLHQWQXPEHURIGDWDSRLQWVZHUHQRWDYDLODEOH HJ)LJXUHE LQDGGLWLRQWRXVLQJWKHτ
YDOXHIURPHTXDWLRQZHXVHGWKH>$U@REWDLQHGIURPHTXDWLRQDVDFRQVWUDLQWLQHTXDWLRQ
7KHNLQHWLFGDWDZHUHVHOIFRQVLVWHQWDQGZKHQ>$U@ LQHTXDWLRQZDVDOORZHGWRIORDW DVDQ
XQNQRZQ WKHFXUYHILWWLQJ HTXDWLRQ UHWXUQHGQXPEHUVZLWKLQRIWKHYDOXHVIRXQGIURP
HTXDWLRQ7KHFXUYHILWWLQJNLQHWLFUHVXOWVZHUHH[DPLQHGWRHQVXUHFRQVLVWHQF\ZLWKSK\VLFDO
UHDOLW\HJ>$U@>$X@ DQGERWK>$U@DQG>$X@VKRXOGEHZLWKLQWKHUDQJHWR
7KH ELPROHFXODU UDWH FRQVWDQWV ZHUH FDOFXODWHG XVLQJ WKH UHODWLRQVKLS EHWZHHQ WKH WLPH
FRQVWDQWV τQ DQGQHXWUDOQXPEHUGHQVLW\>1@
3DJHRI

N  >1@ τQ

 (TXDWLRQ

:KHUH>1@LVWKHQXPEHUGHQVLW\RIWKHUHDFWDQWQHXWUDOLQWKH)7,&5FHOO LQPROHFXOHVFP

DVVXPLQJ 7 ≅  . DV PHDVXUHG E\ D PHUFXU\ WKHUPRPHWHU LQ WKH YLFLQLW\ RI WKH ,&5 FHOO

YDFXXPFKDPEHU DQGQ RU7KHQHXWUDOUHDFWDQWSUHVVXUHLQWKH)7,&5FHOOZDVFDOFXODWHG

E\DSSO\LQJWKHDSSURSULDWHLRQJDXJHFKHPLFDOVHQVLWLYLW\DQGJHRPHWU\FRUUHFWLRQIDFWRUV)RU

H[DPSOH WR FDOFXODWH WKH WUXH DFHWRQH SUHVVXUH LQ RXU ,&5 FHOO WKH DFWXDO LRQ JDXJH SUHVVXUH

UHDGLQJ ZDV GLYLGHG E\  FKHPLFDO VHQVLWLYLW\ IDFWRU IRU DFHWRQH  DQG  RXU ,&5 FHOO

JHRPHWU\FRUUHFWLRQIDFWRU 7KHQXPEHUGHQVLWLHV >1@ ZHUHFDOFXODWHGXVLQJVWDQGDUGLGHDOJDV

HTXDWLRQVDQGXVLQJWKHFRUUHFWHGYDOXHVIRUDQDO\WHSUHVVXUH

5(68/76DQG',6&866,21

,QWKLVVHFWLRQH[SHULPHQWDOUHVXOWVIURPUHSUHVHQWDWLYHWHUSHQHPDVVVSHFWUDOGDWDDUHGLVFXVVHG

WRHOXFLGDWHWKHIDFWRUVUHVSRQVLEOHIRUWKHGLVSDUDWH6&,SURSHQVLWLHVRIαSLQHQHDQGFDPSKHQH

2QO\UHSUHVHQWDWLYHLRQPROHFXOHDQGRUPHWDVWDEOHGHFD\UHDFWLRQVKDYHEHHQLQFOXGHGLQ7DEOH

,EXWUHVXOWVIURPDGGLWLRQDOUHDFWLRQVDUHGLVFXVVHGLQWKHWH[W
$ VXPPDU\ RI WKH DFTXLUHGFDOFXODWHG NLQHWLF GDWD DORQJ ZLWK VHOHFWHG H[SHULPHQWDO

GHWDLOV HJSUHVVXUH DUHRUJDQL]HGLQ7DEOH , WR JXLGH WKH UHOHYDQW GLVFXVVLRQV )RU H[DPSOH

WKHXQLPROHFXODUGLVVRFLDWLRQRIFDPSKHQHPROHFXODULRQV UHDFWLRQV7DEOH, ZDVVWXGLHG

WR GHWHUPLQH UHDFWLYH FRPSRQHQW OLIH WLPHV HQHUJHWLFV RI YDULRXV VSHFLHV DQG WR HVWLPDWH LRQ

WHPSHUDWXUHFKDQJHVGXHWR(,ILODPHQWKHDWLQJHIIHFWV,RQPROHFXOHUHDFWLRQVRISDUHQWLRQVRI

αSLQHQH DQG FDPSKHQH ZHUH LQYHVWLJDWHG WR GHWHUPLQH UHDFWLYH FRPSRQHQWV DQG UHDFWLRQ UDWH

FRQVWDQWV IRU FKDUJH DQG SURWRQ WUDQVIHU UHDFWLRQV UHDFWLRQ V   9DULDEOH HQHUJ\ HOHFWURQ

LPSDFWLRQL]DWLRQ (,  UHDFWLRQ DQGFKDUJHWUDQVIHU &7  UHDFWLRQV UHDFWLRQVZHUH

SHUIRUPHGWRGHWHUPLQHWKHHQHUJHWLFVRIFDPSKHQHPROHFXODULRQV&RQYHQWLRQDOO\LQWKH,&5

H[SHULPHQWV FROOLVLRQDO FRROLQJ LV XWLOL]HG WR WKHUPDOL]H LQLWLDOO\ ³KRW´ LRQV >@ +HUH ZH

VKRZWKHHIIHFWRILRQWKHUPDOL]DWLRQE\UDGLDWLYHDQGFROOLVLRQDOFRROLQJRQWHUSHQHSDUHQWLRQ
3DJHRI

6&,
7RH[DPLQHWKHLQIOXHQFHRILQWHUQDOO\H[FLWHGLRQVRQ6&,YDULRXVSDUHQWDQGIUDJPHQW
LRQV ZHUH PDVV VHOHFWHGLVRODWHG DQG WKHLU XQLPROHFXODU DQG LRQPROHFXOH UHDFWLRQV ZHUH
PRQLWRUHG'HWDLOVRILRQPROHFXOHUHDFWLRQVIRUαSLQHQHDQGFDPSKHQHIUDJPHQWLRQVDWP]
DQGP]ZLOOEHSUHVHQWHGDQGGLVFXVVHGLQSDUW%RIWKLVVWXG\
0HWDVWDEOH'HFD\6WXGLHVRIα3LQHQH0ROHFXODU,RQVDWP]DQG0DMRU)UDJPHQW,RQV
7KH 6:,)7 LVRODWHG PROHFXODU LRQV RI αSLQHQH GLG QRW VKRZ DQ\ PHDVXUDEOH XQLPROHFXODU
GLVVRFLDWLRQSURGXFWLRQVXSWRVUHDFWLRQGHOD\$OVR6:,)7LVRODWHGIUDJPHQWLRQVRIα
SLQHQH DQG FDPSKHQH DW P]  DQG  GLG QRW VKRZ DQ\ PHDVXUDEOH PHWDVWDEOH UHDFWLYLW\
%HFDXVH αSLQHQH GLG QRW VKRZ DQ\ PHWDVWDEOH GHFD\ DIWHU LRQ LVRODWLRQ 6:,)7 LVRODWLRQ RI
WKH αSLQHQHPROHFXODUFDWLRQVZDVPRYHGWRWKHVKRUWHVWGHOD\WLPHDIWHUWKH(,HYHQW LHV
DIWHU (,  (YHQ DW WKH VKRUWHVW LVRODWLRQ GHOD\ QR PHWDVWDEOH SURGXFWV ZHUH REVHUYHG IRU α
SLQHQH
0HWDVWDEOH'HFD\6WXGLHVRI&DPSKHQH0ROHFXODU,RQVDWP]
7KHXQLPROHFXODUUHDFWLRQVRIFDPSKHQHZHUHLQYHVWLJDWHGXVLQJH[SHULPHQWDOHYHQWVHTXHQFHV
RI WKH W\SH VKRZQ LQ )LJXUH D 'DWD VKRZHG WKDW WKH PROHFXODU LRQV RI FDPSKHQH 0FD
H[KLELWHGXQLPROHFXODU PHWDVWDEOH EHKDYLRUXSWRaVDIWHUWKHPVH9HOHFWURQLPSDFW
HYHQW VKRZQ LQ )LJXUH  DQG VXPPDUL]HG LQ 7DEOH , UHDFWLRQ V   7KH XQLPROHFXODU
UHDFWLRQV ZHUH PRQLWRUHG DW WKH EDVH SUHVVXUH RI a  [  WRUU 7KH PDLQ PHWDVWDEOH GHFD\
FKDQQHOIRU0FD Ɣ ZDVWKHORVVRI&+WR\LHOGDQLRQDWP]RI oLQ)LJXUH PLQRU
FKDQQHOVLQFOXGHGWKHIRUPDWLRQRIWKHLRQVDWP]DQG ∆VKRZQDVVXPPHGYDOXHVLQ
)LJXUH 
,Q)LJXUHDLRQVDWP]ZHUH6:,)7LVRODWHGVDIWHUWKHPV(,HYHQW UHDFWLRQ
7DEOH, 7KHVHH[SHULPHQWVZHUHFRQGXFWHGDIWHUWKH(,ILODPHQWFXUUHQWZDVRQIRUVHYHUDO
KRXUV%DVHGRQ2ULJLQFXUYHILWWLQJDQGXVLQJHTXDWLRQWKHWLPHFRQVWDQW τ IRUPHWDVWDEOH
3DJHRI

0FD GHFD\ ZDV a  V DQG  RI WKH 0FD LRQV ZHUH UHDFWLYH 8VLQJ HTXDWLRQ  DQG
H[WUDSRODWLQJWKHGDWDEDFNWRWKHWLPHRI(,HYHQW W VIRUWKHWHPSRUDOSORWLQ)LJXUHD
VKRZHG WKDW a  RI 0FD  SRSXODWLRQ ZHUH ORQJOLYHG PHWDVWDEOH LRQV 7KHUHIRUH WKH
FDPSKHQH PROHFXODU LRQ SRSXODWLRQ FRQVLVWHG RI DW OHDVW WKUHH FRPSRQHQWV IRUPHG DW WKH (,
HYHQW YL]   D VORZ GHFD\LQJ PHWDVWDEOH RU UHDFWLYH IUDFWLRQ >$U@ a  RI WKH 6:,)7
LVRODWHG LRQV    XQUHDFWLYH IUDFWLRQ >$X@ a  RI WKH 6:,)7 LVRODWHG LRQV  DQG   DQ
LQLWLDOO\ IDVWHU GHFD\LQJ PHWDVWDEOH SRSXODWLRQ τ ≤  PV  WKDW \LHOGHG WKH IUDJPHQW LRQV
REVHUYHGLQWKHFRQYHQWLRQDO(,PDVVVSHFWUXP VHH1,67&KHPLVWU\:HEERRNIRUPDVVVSHFWUD
>@  7KH FRQYHQWLRQDO 1,67  H9 DQG RXU  H9 (, *&)7,&5 PDVV VSHFWUD IRU WHUSHQHV
VKRZVLPLODUSDWWHUQV>@,QVSHFWLRQRIWKHUHODWLYHDEXQGDQFHIRUDOOLRQVREVHUYHGLQFDPSKHQH
PDVVVSHFWUXP HJ)LJXUHD LQGLFDWHVWKDWWKHUHODWLYHDEXQGDQFHRILQLWLDOO\VKRUWOLYHG τ≤
 PV  PROHFXODU LRQV LV DSSUR[LPDWHO\ WHQ WLPHV JUHDWHU WKDQ WKH RWKHU WZR ORQJOLYHG
PHWDVWDEOHDQGXQUHDFWLYHSRSXODWLRQV
,QLWLDOO\ ZH QRWHG WKDW WKH PHWDVWDEOH GLVVRFLDWLRQ WLPH FRQVWDQW τ  IRU PHWDVWDEOH
FDPSKHQH 0FD P] YDULHGZLWKWLPH$IWHUFRQGXFWLQJDGGLWLRQDOH[SHULPHQWVLWEHFDPH
HYLGHQWWKDWWKHYDULDWLRQLQτZDVGXHWR(,ILODPHQWKHDWLQJ7KHIROORZLQJFRQWDLQVGHWDLOVRQ
FRQWURO H[SHULPHQWV FRQILUPLQJ WKDW %,5' RI 0FD LRQV RFFXUUHG ZLWKLQ WKH ,&5 FHOO HJ
UHDFWLRQ V  LQ 7DEOH ,  7R LQYHVWLJDWH WKH HIIHFW RI WHPSHUDWXUH RQ WKH ³XQLPROHFXODU´
UHDFWLRQGHFD\UDWHRIPHWDVWDEOH0FDLRQVWZRVHWVRIH[SHULPHQWVZHUHSHUIRUPHG7KH\DUH
GHVLJQDWHGDVFROGRUKRWFHOOH[SHULPHQWV LQ7DEOH,UHDFWLRQVDVKν±FROGDQGKν±KRW
UHVSHFWLYHO\ DQGDUHGHVFULEHGEHORZLQGHWDLO
&ROG&HOO([SHULPHQWV7RFROOHFWWKHILUVWGDWDVHWWKH(,ILODPHQWFXUUHQWZDVWXUQHGRQDIWHU
WKH,&5FHOODQGYDFXXPFKDPEHUKDGEHHQPDLQWDLQHGDWDPELHQWURRPWHPSHUDWXUH a±
°&  IRU PRUH WKDQ  KRXUV $OPRVW LPPHGLDWHO\ DIWHUZDUGV   PLQXWH  D VHULHV RI PDVV
VSHFWUDZHUHDFTXLUHGIRUYDULDEOHDQGPRQRWRQLFDOO\LQFUHDVLQJPHWDVWDEOHUHDFWLRQGHOD\V WR
VVKRZQLQ)LJXUHE DWDIL[HG(,ILODPHQWFXUUHQWVHWWLQJ7KHDFWXDOILODPHQWFXUUHQWDQG
YROWDJH ZHUH QRW PHDVXUHG 7R UHGXFH WKH ILODPHQW KHDWLQJ RI WKH FHOO DQG SRVVLEOH
3DJHRI

SKRWRGLVVRFLDWLRQE\SKRWRQVHPLWWHGE\WKHZKLWHKRWILODPHQWWKHFXUUHQWZDVWXUQHGRIIVRRQ
DIWHU WKH (, HYHQW 7KH ,&5 FHOO ZDV DOVR DOORZHG WR FRRO IRU DSSUR[LPDWHO\ ILYH PLQXWHV LQ
EHWZHHQVXEVHTXHQWH[SHULPHQWVEHIRUHWXUQLQJWKHILODPHQWFXUUHQWRQIRUWKHQH[WH[SHULPHQW
7KHFDPSKHQHUDGLFDOFDWLRQVDWP]ZHUH6:,)7LVRODWHGDVFORVHWRWKHHQGRILRQL]DWLRQ
HYHQW DV H[SHULPHQWDOO\ SRVVLEOH a  V DIWHU WKH LRQL]DWLRQ HYHQW  $ SORW RI QRUPDOL]HG LRQ
DEXQGDQFHYVWLPHIRU6:,)7LVRODWHGFDPSKHQHUDGLFDOFDWLRQ 0FD LVVKRZQLQ)LJXUHEIRU
WKH³FROG´,&5FHOO7KHP]WHPSRUDOSORWVLQ)LJXUHEZHUHILWWHGWRDVLQJOHH[SRQHQWLDO
GHFD\ (TQ  WR \LHOG D WLPH FRQVWDQW τ  RI  V UHDFWLRQ   7DEOH , DQG XVLQJ HYHQW
VHTXHQFHRI)LJXUHD 
+RW&HOO([SHULPHQWV7RFROOHFWWKHVHFRQGGDWDVHWWKH(,ILODPHQWFXUUHQWZDVOHIWRQIRUa
KRXUVWRKHDWWKH,&5FHOODERYHDPELHQWURRPWHPSHUDWXUH GHQRWHGDV³+RW´LQ)LJXUHF 7KH
DFWXDO ,&5 FHOO WHPSHUDWXUH ZDV QRW PHDVXUHG 8QOLNH WKH FROG FHOO H[SHULPHQWV WKH ILODPHQW
FXUUHQWZDVRQO\WXUQHGRIIVRRQDIWHUWKH(,HYHQWDQGWXUQHGEDFNRQLQEHWZHHQH[SHULPHQWV
IRU a  PLQXWHV $ SORW RI QRUPDOL]HG LRQ DEXQGDQFH YV WLPH LV VKRZQ LQ )LJXUH F 7KH
REVHUYHGτIRUP]RIVLQ)LJXUHF UHDFWLRQ7DEOH, ZDVPXFKVPDOOHUFRPSDUHGWR
τ   V ZKHQ WKH ,&5 FHOO ZDV ³FROG³ )URP WKH GDWD VKRZQ LQ )LJXUHV D E DQG F WKH
H[WUDSRODWHGUHDFWLYHIUDFWLRQRIP] >$U@ DWWKHHQGRIWKH(,HYHQWLVDOPRVWLGHQWLFDODWa
±7KLVVKRZVWKDWWKH,&5FHOOWHPSHUDWXUHKDVQRGLVFHUQLEOHHIIHFWLQWKHH9(,
LRQL]DWLRQRQFDPSKHQHORQJOLYHGPHWDVWDEOHPROHFXODULRQSRSXODWLRQIUDFWLRQV
$Q(VWLPDWHRI7HPSHUDWXUH5LVHRIWKH,RQ&ORXG'XHWR(,)LODPHQW+HDWLQJ
$EULHIGHVFULSWLRQRIWKH,&5FHOO(,ILODPHQWDQGYDFXXPFKDPEHULVSURYLGHGEHORZWRJLYH
DQ LGHD RI WKHLU UHODWLYH ORFDWLRQV DQG GLPHQVLRQV LQ GLVFXVVLQJ TXDOLWDWLYHO\ WKH HIIHFW RI (,
ILODPHQW KHDWLQJ RQ PHWDVWDEOH LRQ NLQHWLFV 7KH a  [  [  PP (, ILODPHQW ULEERQ LV
VXSSRUWHGDQGLVRODWHGE\P\FRUEORFNVDQGLVPRXQWHGRQRQHHQGFDSRIDaFPORQJE\a
FP GLDPHWHU VHJPHQWHG F\OLQGULFDO ,&5 FHOO 7KH (, ILODPHQW GLVVLSDWHV a  : RI HQHUJ\
7HFKQLFDO6SHFLILFDWLRQVSULYDWHFRPPXQLFDWLRQV,RQ6SHF&RUSRUDWLRQ)RUHVW/DNH&$ 7KH
(, ILODPHQW KHDWLQJ LV DQ LQKRPRJHQHRXV SURFHVV DQG FRPSOH[ WKUHHGLPHQVLRQDO WHPSHUDWXUH
3DJHRI

JUDGLHQWVZLOOH[LVW>@7KHLRQFORXGLVWUDSSHGaFPDZD\IURPWKH(,ILODPHQWDQGLQWKH
FHQWHURIWKH,&5FHOO7KH,&5FHOOLVORFDWHGDWWKHHQGRIDaFPORQJE\aFPGLDPHWHU
LQWHUQDOO\SROLVKHGYDFXXPFKDPEHU7KH(,ILODPHQWLVORFDWHGZLWKLQaFPRIWKHHQGSODWHRI
WKHYDFXXPFKDPEHU 3UHVHQWO\ WKH ,&5 FHOO KDV QR SURYLVLRQV HLWKHU IRU DFFXUDWH WHPSHUDWXUH
PHDVXUHPHQWVRUFRQWUROOHGXQLIRUPKHDWLQJ
7KH REVHUYHG PHWDVWDEOH GHFD\ FDQ EH WKH UHVXOW RI DQ DPELHQW EODFNERG\ LQGXFHG
UDGLDWLYH GLVVRFLDWLRQ %,5'  SURFHVV IDU UHPRYHG IURP WKH UDSLG H[FKDQJH 5(;  OLPLW >@
&ROOLVLRQDODFWLYDWLRQ &$ E\QHXWUDOPROHFXOHVLVXQFRPSHWLWLYHZLWK%,5'DWSUHVVXUHVEHORZ
[WRUU >@ 7KHEDFNJURXQG SUHVVXUHRI≤  [ WRUU LQ WKH SUHVHQW %,5' H[SHULPHQWV
SUHFOXGHV WKHUPDO &$ WR DFFRXQW IRU WKH HIIHFW RI (, ILODPHQW KHDWLQJ RQ 0FD GLVVRFLDWLRQ
NLQHWLFV7KHUDQJHRIWLPHFRQVWDQWVIRUXQLPROHFXODUGLVVRFLDWLRQRIPHWDVWDEOH0FDLRQVZDV
aV%DVHGRQWKHK\GURFDUERQPRGHOSURSRVHGE\'XQEDU )LJXUHLQUHIHUHQFH>@ WKH
REVHUYHG WLPH FRQVWDQWV RI a  V IRU FDPSKHQH ZRXOG UHTXLUH  WR  GHJUHHV RI
IUHHGRP I WRUHDFKWKH5(;OLPLW&DPSKHQH&+ZLWK1 DWRPVKDVRQO\GHJUHHV
RI IUHHGRP ^ I  1     [  ± ` DQG LV IDU IURP WKH 5(; OLPLW ,QVXIILFLHQW GHJUHHV RI
IUHHGRP IRU WKH REVHUYHG XQLPROHFXODU WLPH FRQVWDQWV RI FDPSKHQH &+  GRHV QRW DOORZ
FDPSKHQHLRQVWREHLQWUXHWKHUPDOHTXLOLEULXPZLWKWKHSKRWRQILHOG+RZHYHUWRHVWLPDWHWKH
WHPSHUDWXUH ULVH RI WKH LRQ SRSXODWLRQ GXH WR (, ILODPHQW KHDWLQJ ZLWKLQ WKH ,&5 FHOO DQ
$UUKHQLXV W\SH HTXDWLRQ ZLWK DQ $ IDFWRU DSSURSULDWH IRU WKH PROHFXODU VL]H FDQ EH XVHG
(TXDWLRQ 
Á57

N $H∆+

(TXDWLRQ

&DPSKHQH&+KDVI GHJUHHVRIIUHHGRP DQGLVVLPLODULQVL]HWR6L &+





ZKHUH I   7KH WHPSHUDWXUH GHSHQGHQFH RQ WKH %,5' W\SH XQLPROHFXODU GLVVRFLDWLRQ RI
6L &+





ZDVUHSRUWHGE\/LQDQG'XQEDU>@+HQFHLWLVUHDVRQDEOHWRXVHWKHNLQHWLFGDWD

^OQ N YV7`VKRZQLQ)LJXUHRIUHIHUHQFH>@WRH[WUDFWDQ$IDFWRURIa [ VDQG
PRGHOWKHPHWDVWDEOHGHFD\RIFDPSKHQHPROHFXODUFDWLRQDWP]
3DJHRI



8VLQJDIUHTXHQF\IDFWRU$ [ VIURPDERYHD³FROG´,&5FHOOWHPSHUDWXUHRI
7a. IRUFROGFHOOZLWKPLQLPDO(,ILODPHQWKHDWLQJ DQGDXQLPROHFXODUUDWHFRQVWDQWRI
a V EDVHGRQWKHH[SHULPHQWDOGDWDUHDFWLRQLQ7DEOH, LQHTXDWLRQ\LHOGHGDQRQ
Á

Á

HTXLOLEULXP∆+ YDOXHRIaNFDOPRO7KHYDOXHVREWDLQHGIRU∆+ LQ%,5'VWXGLHVRQVPDOO
LRQV IDUUHPRYHGIURPWKH5(;OLPLW DUHJHQHUDOO\WRRORZE\DIDFWRURI≤>@7KHHVWLPDWHG
Á

HTXLOLEULXPYDOXHIRU∆+ IRUFDPSKHQHP]PHWDVWDEOHLRQVLV≤NFDOPRO
$IWHUSURORQJHGKHDWLQJRIWKH,&5FHOOE\WKH(,ILODPHQW !KRXUV WKHXQLPROHFXODU
UDWH FRQVWDQW IRU 0FD LRQV ZDV REVHUYHG WR LQFUHDVH WR   V IURP   V 8VLQJ WKH
H[SHULPHQWDONRI  VDQGWKHDUJXPHQWVSUHVHQWHGLQWKHDERYHSDUDJUDSKYL]DQ$IDFWRU


Á

RI  [  V DQG D ∆+  RI a  NFDO PRO LQ HTXDWLRQ  \LHOGHG DQ HIIHFWLYH WHPSHUDWXUH
LQFUHDVHRIa°&IRUWKHPHWDVWDEOH0FD SRSXODWLRQDIWHU!KRXUVRI(,ILODPHQWKHDWLQJIRU
RXU,&5FHOO2XUDSSUR[LPDWHUHVXOWVDJUHHFORVHO\ZLWK/LQDQG'XQEDU¶VVXJJHVWHGHIIHFWLYH
,&5FHOOWHPSHUDWXUHULVHRI°&WR°&DERYHDPELHQWGXHWR(,ILODPHQWKHDWLQJ>@
0HWDVWDEOHLRQIUDJPHQWDWLRQ OLIHWLPHV VWXGLHG RQ (, VHFWRU LQVWUXPHQWV µV WLPH VFDOH
VKRZHG D VWURQJ LRQ VRXUFH WHPSHUDWXUH GHSHQGHQFH > @ 8QGHU (, ILODPHQW KHDWLQJ WKH
PDMRUFDPSKHQHPHWDVWDEOHUHDFWLRQFKDQQHOV\LHOGHGDQLRQRIP]DQGRWKHUOHVVSURPLQHQW
UHDFWLRQ FKDQQHOV SURGXFLQJ DQ LRQ SURGXFW RI P]  ORVV RI PHWK\O UDGLFDO  DQG  8VLQJ
GRXEOH LVRODWLRQ H[SHULPHQWV FRPELQHG ZLWK PHWDVWDEOH DQG FROOLVLRQDO FRROLQJ H[SHULPHQWDO
VHTXHQFH RI WKH W\SH VKRZQ LQ )LJXUH G  LW ZDV SRVVLEOH WR LVRODWH XQUHDFWLYH FRPSRQHQW RI
FDPSKHQH0FDDWP]WKDWGLGQRWVKRZIXUWKHUPHWDVWDEOHUHDFWLYLW\ XSWRV 
6&,5HDFWLRQVRIα3LQHQHDQG&DPSKHQH0ROHFXODU&DWLRQV
7KH UHDFWLRQ RI 6:,)7 LVRODWHG αSLQHQH UDGLFDO FDWLRQ 0DS ZLWK αSLQHQH )LJXUH D DQG
UHDFWLRQLQ7DEOH, KDGRQO\DVPDOODSSDUHQWUHDFWLYHIUDFWLRQ >$U@ RI 7KLVVXJJHVWV
WKDW 0DS XQGHUZHQW D FKDUJH WUDQVIHU UHDFWLRQ ZLWK αSLQHQH QHXWUDOV WR \LHOG WKH &
LVRWRSRPHU RI 0DS a  QDWXUDO LVRWRSLF DEXQGDQFH  7KH DSSDUHQW >$U@ RI  ZLWKLQ
3DJHRI

H[SHULPHQWDO HUURU LV LQ DJUHHPHQW ZLWK WKH YDOXH RI  H[SHFWHG IRU QDWXUDO LVRWRSLF
DEXQGDQFHV WKHVH UHVXOWV VXJJHVW WKDW WKH LVRODWHG 0DS KDG OLWWOH RU QR XQUHDFWLYH FRPSRQHQW
WRZDUG&77KH&7UHDFWLRQUDWHFRQVWDQWIRU0DS P] ZLWKαSLQHQHWRJLYH&0DSDW
P]  ZDV  [  FP V 0HWDVWDEOH RU FROOLVLRQDO FRROLQJ WRWDOO\ TXHQFKHG WKH FKDUJH
WUDQVIHU UHDFWLRQ RI 0DS ZLWK αSLQHQH 8QOLNH WKH UDGLFDO PROHFXODU FDWLRQ V\VWHP RI
FDPSKHQH QR GHWHFWDEOH LQWHUPHGLDWH SURGXFW LRQV ZHUH REVHUYHG IRU WKH 0DS  αSLQHQH
V\VWHP
,Q FRQWUDVW WR WKH 0DS  αSLQHQH V\VWHP >$U@ a   WKH UHDFWLRQ RI FDPSKHQH
PROHFXODUFDWLRQ0FDZLWKFDPSKHQH )LJXUHEUHDFWLRQV KDGDPXFKODUJHUUHDFWLYH
IUDFWLRQ >$U@ RI   &DPSKHQH 0FD 6:,)7 LVRODWHG a  V DIWHU WKH (, HYHQW VORZO\
GLVVRFLDWHG WR SURGXFH D IUDJPHQW LRQ DW P]  ZKLFK VXEVHTXHQWO\ UHDFWHG ZLWK QHXWUDO
FDPSKHQH WR \LHOG SURWRQDWHG FDPSKHQH >0FD  +@ DW P]   7KH UDWH FRQVWDQW IRU WKH
UHDFWLRQRIP]ZLWKFDPSKHQH N≈[FPV ZDVFDOFXODWHGXVLQJHTXDWLRQZLWKτ
FRQVWUDLQHG WR  V $IWHU a  V UHDFWLRQ WLPH QR IXUWKHU LRQPROHFXODU UHDFWLRQV RI 0FD 
FDPSKHQH ZHUH REVHUYHG >@ ,W VKRXOG EH QRWHG WKDW SRWHQWLDO FKDUJH WUDQVIHU RI 0FD WR
FDPSKHQH ^



&  ĺ 



&& ` LV VORZ FRPSDUHG WR FDPSKHQH 6&, RU αSLQHQH

FKDUJHWUDQVIHU,QWKH0FDUHDFWLRQ )LJXUHE WKH0FDXQLPROHFXODUWLPHFRQVWDQWRIVIRU
GLVDSSHDUDQFH RI  LRQV UHDFWLRQ    ZDV VPDOOHU WKDQ WKH SVHXGR ILUVW RUGHU LRQPROHFXOH
UHDFWLRQWLPHFRQVWDQWRIVIRUĺ UHDFWLRQ WKHP]RQO\DSSHDUHGDWORQJHU
UHDFWLRQWLPHVLQDFFRUGZLWKDVHFRQGRUGHUFRQVHFXWLYHUHDFWLRQVFKHPH
$GGLWLRQDOLRQPROHFXOHUHDFWLRQGDWDLQGLFDWHGWKDWYDULRXVIUDJPHQWLRQVJHQHUDWHG6&,
SURGXFWVDWGLIIHUHQWUDWHVDQGGHWDLOVRIWKHVHUHDFWLRQVZLOOEHSUHVHQWHGLQSDUW%RIWKLVVHULHV
8VLQJ GRXEOH LVRODWLRQ H[SHULPHQWV FRPELQHG ZLWK PHWDVWDEOH DQG FROOLVLRQDO FRROLQJ
H[SHULPHQWDOVHTXHQFHRIWKHW\SHVKRZQLQ)LJXUHG LQWKH³VWURQJFROOLVLRQOLPLW´>@LWZDV
SRVVLEOH WR LVRODWH XQUHDFWLYH FRPSRQHQWV RI WKH WHUSHQH LVRPHUV FDPSKHQH 0FD RU αSLQHQH
0DS DW P]   >@ )RU H[DPSOH WKH LVRODWHG ³FRROHG´ 0FD GLG QRW VKRZ IXUWKHU 6&,
UHDFWLYLW\IRUXSWRaVDWDFDPSKHQHSUHVVXUHRI[WRUUFOHDUO\WKHLQWHUQDOHQHUJ\
3DJHRI

FRQWHQW RI WKH FDPSKHQH 0FD DIIHFWV WKH REVHUYHG 6&, UHDFWLRQV ,Q WKH QH[W VHFWLRQV
H[SHULPHQWDO DSSURDFKHV WR HVWLPDWH FDPSKHQH LRQL]DWLRQ HQHUJ\ ,(  DQG WKH LQWHUQDO HQHUJ\
FRQWHQWRI0FD DUHGLVFXVVHG
,RQL]DWLRQ(QHUJ\(VWLPDWLRQRI&DPSKHQH
,QWHUQDO HQHUJ\ FRQWHQW RI LRQV DQG WKHLU H[FLWHG VWDWH FKDUDFWHULVWLFV FDQ SURIRXQGO\ LQIOXHQFH
UHDFWLRQNLQHWLFVDQGLRQL]DWLRQSURFHVVHVLQPDVVVSHFWURPHWU\>@)LJXUHVDQG
VXJJHVWWKDWFDPSKHQHLRQVDUHSURGXFHGZLWKDVLJQLILFDQWDPRXQWRILQWHUQDOHQHUJ\HYHQDW
H9 RI HOHFWURQ LPSDFW HQHUJ\ 7R LQYHVWLJDWH WKH LRQL]DWLRQ HQHUJ\ RI FDPSKHQH DQG LQWHUQDO
HQHUJ\FRQWHQWRIWKHFDPSKHQHLRQVZHIRFXVHGRQ(, UHVXOWV DQG VHOHFWHG &7 UHDFWLRQV HJ
0FD→EHQ]HQHDQGP[\OHQHPROHFXODULRQV P]0P[\O →QHXWUDOFDPSKHQH 
7KHH9(,&DPSKHQH0DVV6SHFWUXP)LJXUHDVKRZVH9(,)7,&5PDVVVSHFWUXP
RIFDPSKHQHWKDWZDVDFTXLUHGXVLQJDQH[SHULPHQWDOHYHQVHTXHQFHVLPLODUWR)LJXUHDZKHUH
LRQ LVRODWLRQ HYHQW ,62 ZDV QRW XVHG ,RQ TXHQFKLQJ 4  ZDV FRPSOHWHG EHIRUH WKH
LQWURGXFWLRQRIDQ\QHXWUDOFDPSKHQH7KHIROORZLQJHYHQWWLPHVDUHUHSRUWHGZLWKUHVSHFWWRWKH
VWDUWRISXOVHGYDOYH 39 HYHQW UHDFWLRQ7DEOH , 1HXWUDOFDPSKHQHZDVSXOVHGLQWRWKH
,&5FHOOIRUPV 39HYHQWIURPPVWRPVLQ)LJXUHD &DPSKHQHQHXWUDOPROHFXOHVZHUH
LRQL]HGIRUPV (,HYHQWIURPVLQ)LJXUHD DQGGHWHFWHGaVDIWHUWKHLRQL]DWLRQ
HYHQW LH GHWHFWLRQ HYHQW DW W   V  0DMRU IUDJPHQW LRQV LQ WKH  H9 (, )7,&5 PDVV
VSHFWUXP RI FDPSKHQH LQFOXGH LRQV DW P]  DQG  7KH PDVV VSHFWUXP LQ )LJXUH D
UHVHPEOHVDFRQYHQWLRQDOH9 (,PDVVVSHFWUXP>@DQGWKHDEVHQFHRIDQ\VLJQLILFDQW6&,
VXJJHVWVORZ ,&5SUHVVXUHDIWHUWKH(,HYHQW DQG EHIRUHWKHVLJQDOGHWHFWLRQ)RU H[DPSOHWKH
H[SHULPHQWDOO\ REVHUYHG UDWLR RI a  IRU LRQV DW P]  ^0` DQG  IROORZ WKH
WKHRUHWLFDOO\ SUHGLFWHG LVRWRSH GLVWULEXWLRQ SDWWHUQ IRU FDPSKHQH &+  LQGLFDWLQJ
LQVLJQLILFDQWFRQWULEXWLRQWRP]IURPFDPSKHQH6&,  ĺĺ 
0HWDVWDEOH $SSHDUDQFH (QHUJ\   ĺ   vs. &DPSKHQH ,( :H SHUIRUPHG ORZ
UHVROXWLRQ YDULDEOH HQHUJ\ (, LQ WKH ,&5 FHOO XVLQJ ∆( VWHSV RI a  H9  DQG IRXQG WKH
3DJHRI

DSSHDUDQFH HQHUJ\ $( IRUP] 0FD  ĺP]   &+  WR EH a  H9 KLJKHU WKDQ WKH
LRQL]DWLRQ HQHUJ\ ,(  RI FDPSKHQH ,W VKRXOG EH QRWHG WKDW WKH DFWXDO (, HQHUJ\ YDULHV DV D
IXQFWLRQ RI ILODPHQW WHPSHUDWXUH WUDSSLQJ SRWHQWLDOV DQG SRVLWLRQ RI LRQL]DWLRQ ZLWKLQ WKH ,&5
FHOO +RZHYHU DW ORZ HQHUJ\ (, EHORZ WKH ,(  SULPDULO\ WKH KLJK HQHUJ\ HOHFWURQV LQ WKH
%ROW]PDQQ GLVWULEXWLRQ a  .  ZLOO FDXVH DQDO\WH LRQL]DWLRQ DQG KHQFH WKH UHODWLYH
GLIIHUHQFHEHWZHHQWKHREVHUYHG,(DQG$(YDOXHRIaH9LVDUHDVRQDEOHDSSUR[LPDWLRQ,Q
WKHQRPLQDO  H9(,PDVVVSHFWUXP RI FDPSKHQH HJ )LJXUH D  P]  ZDV RQO\ D PLQRU
SHDN WKH EDVH SHDN EHLQJ P]   ,Q FRQWUDVW LQ WKH QRPLQDO  H9 (, FDPSKHQH PDVV
VSHFWUXP QRWVKRZQ P]DQGZHUHWKHRQO\PDMRULRQVREVHUYHG6LPLODUSKHQRPHQD
KDYHEHHQREVHUYHGLQWKH(,PDVVDQGPHWDVWDEOHLRQVSHFWUDRIOLPRQHQH>@DQGDQXPEHURI
RWKHUPRQRWHUSHQHV>@
m;\OHQH &7 ([SHULPHQWV )LJXUH E VKRZV FKDUJH WUDQVIHU &7  IURP 6:,)7 LVRODWHG
³WKHUPDOL]HG´P[\OHQHUDGLFDOFDWLRQVDWP] 0P[\O WRFDPSKHQH UHDFWLRQVRIW\SH
DQG  LQ 7DEOH ,  7R SURSHUO\ WKHUPDOL]H WKH LVRODWHG P[\OHQH PROHFXODU FDWLRQV 0P[\O 
ERWKXQLPROHFXODUDQGFROOLVLRQDOFRROLQJE\FDPSKHQHQHXWUDOVZHUHXVHG$Q HYHQWVHTXHQFH
VLPLODUWRWKDWVKRZQLQ)LJXUHGZDVXVHGWRVWXG\WKH&7UHDFWLRQ
 0P[\O FDPSKHQH→ 0FD P[\OHQH
$IWHUWKHLQLWLDOLRQTXHQFKHYHQWP[\OHQHZDVSXOVHGLQWRWKH,&5FHOOIRUPV 39
 PV  DQG LRQL]HG IRU  PV (, DW W   PV  DW  H9 $OO ,&5 WUDSSLQJ SODWHV ZHUH
PDLQWDLQHGDW97KHLRQL]HGP[\OHQHUDGLFDOFDWLRQVDWP]ZHUHLVRODWHGaVDIWHU
WKHLRQL]DWLRQHYHQW ,62DWWaV WRDOORZXQLPROHFXODUFRROLQJ7KH6:,)7LVRODWHGP
[\OHQHLRQVZHUHDOORZHGWRUHOD[WRWKHFHQWHURIWKH ,&5FHOOIRUaV 90'LQ)LJXUHG
EHIRUHLQWURGXFLQJWKHFDPSKHQHQHXWUDOVWKURXJKWKHSXOVHGOHDNYDOYH 93/9'LQ)LJXUHG
IRUDGGLWLRQDOFROOLVLRQDOFRROLQJ7KHSXOVHGOHDNYDOYHZDVRSHQIRUV 93/9'IURP
V WRPDLQWDLQDFDPSKHQHSUHVVXUHUHDGLQJRIa[WRUU2QHKXQGUHGDQGWZHQW\ILYH
VHFRQGV DIWHU WKH ILUVW LVRODWLRQ HYHQW LH a  V DIWHU LRQL]DWLRQ HYHQW  WKH
UHPDLQLQJWKHUPDOL]HG 0P[\O LRQVZHUH UHLVRODWHG ,62 DW W a  V  7KHVH XQLPROHFXODUO\
3DJHRI

DQGFROOLVLRQDOO\³FRROHG´LVRODWHG0P[\OLRQVZHUHDOORZHGWRUHDFWZLWKFDPSKHQH
7KH&7UHDFWLRQUDWHFRQVWDQWVZHUHFDOFXODWHGXVLQJHTXDWLRQZLWK>$X@FRQVWUDLQHGWR
 $VVXPLQJ>$X@  LV YDOLGIRU WZR UHDVRQV )LUVWO\ WKH FDOFXODWHG UDWH FRQVWDQWV IURP WZR
GLIIHUHQWSUHVVXUHV ZHUHLQDJUHHPHQW ZLWKLQ  H[SHULPHQWDO HUURU  6HFRQGO\ LVRODWHG 0P

[\O LRQVUHDFWHGZLWKFDPSKHQHWRFRPSOHWLRQ

GDWDQRWVKRZQKHUH 7KHPDVVVSHFWUXPIURP

UHDFWLRQ 7DEOH, LVVKRZQLQ)LJXUHE$IWHUV WKHVHFRQG93/9'LQ)LJXUHGIURPW
  V WR  V  RI UHDFWLRQ GHOD\ ZLWK FDPSKHQH DW a  [ WRUU DQGDQ DGGLWLRQDO  V
H[KDXVWGHOD\LRQVZHUHGHWHFWHG DWW V WR\LHOGWKHPDVVVSHFWUXPVKRZQLQ)LJXUHE
7KH UHLVRODWHG P[\OHQH PROHFXODU UDGLFDO FDWLRQV DW P]  FKDUJH WUDQVIHUUHG WR FDPSKHQH
UHDFWLYHIUDFWLRQ DWWZRGLIIHUHQWFDPSKHQHSUHVVXUHVZLWKDQDYHUDJHUDWHFRQVWDQWRIa
[PROFPV7KHLRQPROHFXOHUHDFWLRQGHOD\IRUERWKH[SHULPHQWVZDVVUHVXOWVDUH
UHSRUWHGLQ7DEOH, UHDFWLRQVDQG 
$GGLWLRQDO FRQWURO H[SHULPHQWV ZHUH FRQGXFWHG WR HQVXUH FOHDQ 6:,)7 LVRODWLRQV GDWD
QRWVKRZQ 7KHFRQWUROH[SHULPHQWVZHUHDOVRXVHGWRLGHQWLI\XQLPROHFXODUGHFD\SURGXFWVDQG
FRUUHFWO\ DVVLJQ LRQPROHFXOH UHDFWLRQ SURGXFW LRQV 7KH PDMRU LRQV REVHUYHG LQ )LJXUH E
LQFOXGH LRQV DW P]    DQG  ,RQV DW P]  DQG  DUH GXH WR FKDUJH WUDQVIHU
IURPP[\OHQHWRFDPSKHQH DQGFDPSKHQH6&,7KHPLQRUSURGXFWLRQVDWP]DQG
DUHFDPSKHQHIUDJPHQWLRQV
7KH UHSRUWHG OLWHUDWXUH YDOXH IRU FDPSKHQH ,( LV ³  H9´ EXW WKH 1,67 LRQL]DWLRQ
HQHUJ\ RI a H9 IRU P[\OHQH >@ HVWDEOLVKHVDQ XSSHU OLPLW IRU WKHFDPSKHQH ,( WR EH 
 H9 )RU H[DPSOH SUHVHQFH RI WKH LRQV DWP]  ORVV RI &+IURPFDPSKHQH PROHFXODU
FDWLRQDWP] VXJJHVWVWKDWWKH&7SURGXFWLRQV FDPSKHQHPROHFXODU FDWLRQVDW P] 
FRQWDLQVXIILFLHQWLQWHUQDOHQHUJ\DQGKHQFHWKHLRQL]DWLRQHQHUJ\RIFDPSKHQHLVEHORZH9
7KLV UHVXOW LV LQ DJUHHPHQW ZLWK WKH SURWRQ DIILQLW\ YHUVXV LRQL]DWLRQ HQHUJ\ OLQHDU FRUUHODWLRQ
VFKHPHGHWDLOVRISURWRQDIILQLW\GHWHUPLQDWLRQVIRUαSLQHQHDQGFDPSKHQHZLOOEHGLVFXVVHGLQ
SDUW%
3DJHRI

,QWHUQDO(QHUJ\&RQWHQWRI&DPSKHQH0ROHFXODU&DWLRQV
%HQ]HQH&7([SHULPHQWV6HOHFWHGFKDUJHWUDQVIHU &7 H[SHULPHQWVEHWZHHQFDPSKHQHLRQV
,( ≤  H9  DQG QHXWUDO EHQ]HQH ,(   H9  >@ ZHUH FRQGXFWHG WR SUREH WKH LQWHUQDO
HQHUJ\FRQWHQWRI³KRW´³ZDUP´DQG³FROG´FDPSKHQHPROHFXODULRQV HJUHDFWLRQVLQ
7DEOH,UHVSHFWLYHO\ 
+RW0FD ,RQV)LJXUHDVKRZVFKDUJHWUDQVIHUIURP³KRW´FDPSKHQHLRQVDWP]WR
EHQ]HQHQHXWUDOV&DPSKHQHZDVSXOVHGLQWRWKH,&5FHOOIRUPV W PV DQGLRQL]HGIRU
PVDWH9 W V 7KHFDPSKHQHUDGLFDOFDWLRQV 0 DWP] ZHUH6:,)7
LVRODWHGaVDIWHUWKHLRQL]DWLRQHYHQW WaV 7KH6:,)7LVRODWHGFDPSKHQHLRQVZHUH
DOORZHG WR UHDFW ZLWK SXOVHG OHDNHG EHQ]HQH QHXWUDOV IRU  V W   V WR  V  DQG EHQ]HQH
SUHVVXUH RI  [  WRUU 7KH REVHUYHG LRQV LQ )LJXUH D LQFOXGH LRQV DW P]  UHDFWDQW
0FD      DQG  ,RQV DW P]   DQG  DUH FDPSKHQH PHWDVWDEOH GHFD\
SURGXFWV ,RQV DW P]  DQG  DUH &7 DQG 37 UHDFWLRQ SURGXFW IURP FDPSKHQH WR EHQ]HQH
UHVSHFWLYHO\,QVHSDUDWHH[SHULPHQWVZHREVHUYHGWKDWEHQ]HQH6&,UHDFWLYLW\ZDVLQVLJQLILFDQW
DQG KHQFH WKH LRQ DW P]   LV SULQFLSDOO\ IURP FDPSKHQH SURWRQ WUDQVIHU 7KH  H9
OLWHUDWXUHUHSRUWHGYDOXHIRUWKHLRQL]DWLRQHQHUJ\RIEHQ]HQHVXJJHVWVWKDW³KRW´FDPSKHQHLRQV
FRQWDLQ!H9H[FHVVLQWHUQDOHQHUJ\ LHaH9DERYHWKHSUHVXPHGLRQL]DWLRQHQHUJ\RI
FDPSKHQH 
8QLPROHFXODUO\ &RROHG 0FD  ,RQV 7R VWXG\ WKH HIIHFW RI LRQ FRROLQJ RQ FDPSKHQH WR
EHQ]HQH &7 UHDFWLRQV DQ DGGLWLRQDO  V PHWDVWDEOHXQLPROHFXODU FRROLQJ ZDV XVHG WR FRRO
0FD 7KHFRROHGEXWVWLOOLQWHUQDOO\H[FLWHGZDUP0FDUHDFWHGZLWKEHQ]HQHQHXWUDOIRUV
IURPWaV DWWKHSUHVVXUHRI[WRUUWR\LHOGWKHPDVVVSHFWUXPVKRZQLQ)LJXUH
E)LJXUHEVKRZVWKDWVXQLPROHFXODU³FRROLQJ´RIFDPSKHQHLRQVSULRUWRWKHVWDUWRILRQ
PROHFXOHUHDFWLRQVDOWHUVWKHREVHUYHGPDVVVSHFWUDOSDWWHUQ)RUH[DPSOHWKHPDMRUSURGXFWLRQV
LQEDUHEHQ]HQH&7 DWP] DQG&, DWP] SURGXFWLRQV+HQFHWKHPHWDVWDEOHGHFD\
FKDQQHOVRI0FD WRSURGXFHIUDJPHQWLRQVDWP]DQG DIWHUXQLPROHFXODUFRROLQJRI
WKHLRQVDWP] DUHOHVVFRPSHWLWLYHRUKDYHEHHQTXHQFKHG&RPSDULVRQEHWZHHQWKHPDVV
VSHFWUD VKRZQ LQ )LJXUHV D DQG E GHPRQVWUDWHV WKH VLJQLILFDQFH RI H[FLWHG LRQ UHDFWLYLWLHV
3DJHRI

7KHVHUHVXOWVLQGLFDWHWKDWHYHQVXQLPROHFXODUFRROLQJLVQRWVXIILFLHQWWRTXHQFKWKHH[FLWHG
FDPSKHQH LRQV PHWDVWDEOH GHFD\ FKDQQHOV SURGXFLQJ FDPSKHQH IUDJPHQW LRQV DW P]  DUH
KLJKHUHQHUJ\SURFHVVHVDQG!H9DERYHWKHFDPSKHQHLRQV¶JURXQGVWDWH
&ROOLVLRQDOO\&RROHG0FD,RQV)LJXUHFVKRZVWKHVXSHULRUHIILFDF\RIFROOLVLRQDO YV
XQLPROHFXODU )LJXUH E  FRROLQJ RI FDPSKHQH PROHFXODU LRQV ,Q )LJXUH F WKH FDPSKHQH
PROHFXODULRQVZHUHFROOLVLRQDOO\FRROHGE\EHQ]HQHXVLQJWKHIROORZLQJH[SHULPHQWDOVHTXHQFH
&DPSKHQHZDVSXOVHGLQWRWKH,&5FHOOIRUPV W PV DQGLRQL]HGIRUVDWH9 W
V 7KHFDPSKHQHPROHFXODUFDWLRQV 0DWP] ZHUH6:,)7LVRODWHGWKUHHWLPHVDWV
 V DQG  V 7KH 6:,)7 LVRODWHG FDPSKHQH LRQV ZHUH FROOLVLRQDOO\ FRROHG WZLFH E\ SXOVHG
OHDNHGEHQ]HQHQHXWUDOV S [WRUUIRUVHDFK DWW VDQGW V7KH
VXUYLYLQJFDPSKHQHPROHFXODUFDWLRQVUHLVRODWHGIRUWKHWKLUGWLPHDWW VZHUHDOORZHGWR
UHDFWZLWKSXOVHGOHDNHGEHQ]HQHQHXWUDOVIRUV W V DWDEHQ]HQHSUHVVXUHRI[
WRUU,RQVZHUHGHWHFWHGDWW VDQGWKHUHVXOWLQJPDVVVSHFWUXPLVVKRZQLQ)LJXUHF
7KHFROOLVLRQDOO\FRROHGFDPSKHQHPROHFXODULRQVVKRZHGQRUHDFWLYLW\)LJXUHFGHPRQVWUDWHV
WKDWVRIFROOLVLRQDOFRROLQJE\EHQ]HQHDWSUHVVXUHRI[WRUU XQFRUUHFWHG ZDVPXFK
PRUH HIIHFWLYH WKDQ  V RI XQLPROHFXODU FRROLQJ WR TXHQFK UHDFWLRQ FKDQQHOV RI FDPSKHQH
PROHFXODULRQVUHDFWLQJZLWKQHXWUDOEHQ]HQH7KHFDPSKHQHPROHFXODULRQVLQVRQDYHUDJH
KDGaFROOLVLRQVZLWKEHQ]HQHQHXWUDOV DVVXPLQJD/DQJHYLQFROOLVLRQUDWHRI[FPV
DQGDEHQ]HQHSUHVVXUHFRUUHFWLRQ^LRQJDXJHVHQVLWLYLW\[JHRPHWU\`IDFWRURI[  
,QRXUSUHYLRXVO\UHSRUWHG*&ZRUNKHOLXPFDUULHUJDVZDVDOVRSUHVHQWLQVLGHWKH,&5
FHOO >@ 7KH HVWLPDWHG +H SUHVVXUH LQVLGH WKH ,&5 FHOO IRU WKH *& ZRUN EDVHG RQ D WUDQVLHQW
GHFD\WLPHFRQVWDQW τG aPV IRUP]RIFDPSKHQH 0 DQHVWLPDWHGFDPSKHQHKHOLXP
VFDWWHULQJ FURVV VHFWLRQ σ  RI  [  FP DSSUR[LPDWH PROHFXODU GLPHQVLRQV  D PDJQHWLF
ILHOG %  RI  7 DQG DQ LRQ F\FORWURQ UDGLXV U  RI a  FP ZDV a  [  WRUU DW URRP
WHPSHUDWXUH 7KH +H QXPEHU GHQVLW\ >1@ LV FDOFXODWHG XVLQJ D /DPEHUW %HHU¶V ODZ DSSURDFK
^OQ ,,  WτG`ZKHUH>1@ 0 UH%τGσ LQFRQVLVWHQWXQLWVDQGH [&+HOLXPLV
QRW DQ HIILFLHQW TXHQFKLQJWKHUPDOL]DWLRQ UHDJHQW >@ DQG XQGHU RXU ORZ SUHVVXUH )7,&5
3DJHRI

FRQGLWLRQV [WRUU LRQFRROLQJE\+HUHDJHQWJDVLVPLQLPDOWKHUHIRUHFRROLQJHIIHFWV
RI+HZHUHQRWFRQVLGHUHGRQRXU6&,VWXGLHV
&21&/86,216
7KHH[FLWHGVWDWHDFLGLW\RIPROHFXODULRQVSOD\VDPDMRUUROHLQGHWHUPLQLQJWKHUDWHRIREVHUYHG
6&,*URXQGDQGH[FLWHG VWDWHV RI WHUSHQHLVRPHUVH[KLELWGLIIHUHQW UHDFWLRQUDWHVIRU&76&,
DQGXQLPROHFXODUGHFD\7KHUPDOL]HGαSLQHQHDQGFDPSKHQHPROHFXODUFDWLRQVZHUHXQFUHDWLYH
WRZDUG &7 RU 6&, UHDFWLRQV 7KH H[FLWHG αSLQHQH PROHFXODU FDWLRQV GLG QRW XQGHUJR 6&, EXW
FKDUJH WUDQVIHUUHG HIILFLHQWO\ WR QHXWUDO αSLQHQH &RQYHUVHO\ XS WR  RI WKH FDPSKHQH
PROHFXODUFDWLRQV\LHOGHG>0+@YLDDWZRVWHSFRQVHFXWLYH6&,UHDFWLRQPHFKDQLVP
$WH9LRQL]DWLRQHQHUJ\WKHFDPSKHQHPROHFXODULRQVZHUHIRUPHGZLWKDVLJQLILFDQW
DPRXQW RI LQWHUQDO HQHUJ\ 7KHUPDOL]HG P[\OHQH PROHFXODU LRQV ,(   H9  FKDUJH
WUDQVIHUUHG WR FDPSKHQH HIILFLHQWO\ N   [  FP V  LPSO\LQJ D FDPSKHQH LRQL]DWLRQ
HQHUJ\ RI   H9 2Q WKH RWKHU KDQG FDPSKHQH 0FD  LRQL]HG EHQ]HQH ,(   H9 
LPSO\LQJ H[FHVVHQHUJ\RIa H9 IRU 0FD  3URSHUO\ WKHUPDOL]HG FDPSKHQH PROHFXODU LRQV
0FD GLGQRWFKDUJHWUDQVIHUWREHQ]HQH,QSDUW%ZHZLOOXVHGDWDIURPWKHVHDQGDGGLWLRQDO
VWXGLHV WR FRQVWUXFW D VLPSOH PRGHO DQG SUHGLFW 6&, SDWWHUQV IRU αSLQHQH DQG FDPSKHQH DV D
IXQFWLRQRISUHVVXUHDQGWLPH

$FNQRZOHGJPHQWV
7KLVPDWHULDOLVEDVHGXSRQZRUNVXSSRUWHGE\WKH1DWLRQDO6FLHQFH)RXQGDWLRQXQGHU*UDQW1R
&+(

3DJHRI

),*85(&$37,216
)LJXUH  (YHQW VHTXHQFHV IRU D E F DQG G W\SH H[SHULPHQWV FRQWDLQHG YDULRXV HYHQWV
LQFOXGLQJ4,RQUHPRYDO 4XHQFK 39SXOVHGYDOYHVDPSOHLQWURGXFWLRQDWPV(,PV
 H9 HOHFWURQ LPSDFW VWDUWLQJ DW  PV ,62 6:,)7 LVRODWLRQ HQGLQJ DW  PV XQOHVV
RWKHUZLVHVSHFLILHGLQWH[W D YDULDEOHPHWDVWDEOHUHDFWLRQGHOD\XSWRV E YDULDEOHLRQ
PROHFXOH UHDFWLRQ GHOD\ XS WR  V F  'RXEOH LVRODWLRQ DQG YDULDEOH PHWDVWDEOH UHDFWLRQ
GHOD\V G 9DULDEOHPHWDVWDEOHUHDFWLRQGHOD\DIWHUILUVWLVRODWLRQIROORZHGE\UHLVRODWLRQDQG
YDULDEOHLRQPROHFXOHUHDFWLRQGHOD\
)LJXUH  7HPSRUDO SORWV IRU PHWDVWDEOH GHFD\ RI FDPSKHQH PROHFXODU LRQV DW P]  ILOOHG
FLUFOHV• 6:,)7LVRODWHG D VDIWHUWKHHOHFWURQLPSDFWLRQL]DWLRQHYHQWDQGDIWHU,&5FHOO
KHDWLQJE\WKH(,ILODPHQWIRUIRXUKRXUV E VDIWHUHOHFWURQLPSDFWLRQL]DWLRQHYHQWDWURRP
WHPSHUDWXUH ^LH ,&5 FHOO KHDWLQJ E\ WKH (, ILODPHQW IRU OHVV  PLQXWHV` DQG F   V DIWHU
HOHFWURQ LPSDFW LRQL]DWLRQ HYHQW DQG IRXU KRXUV RI ,&5 FHOO KHDWLQJ E\ WKH (, ILODPHQW
0HWDVWDEOHGHFD\SURGXFWLRQVDWP] XQILOOHGVTXDUHVo DQGP] XSWULDQJOHV∆
DUHDOVRVKRZQ
)LJXUH7HPSRUDOSORWVIRULRQPROHFXOHUHDFWLRQVRI D ³+RW´αSLQHQHLRQV P] ZLWK
αSLQHQH QHXWUDOV DW  [  WRUU DQG E  ³+RW´ FDPSKHQH PROHFXODU LRQV P]   ZLWK
FDPSKHQHQHXWUDOVDW[WRUUDQG)RUVHOHFWHGH[SHULPHQWDOGHWDLOVDQGUHVXOWVVHHUHDFWLRQ
V7DEOH,
)LJXUH  D  (OHFWURQ LPSDFW )7,&5 PDVV VSHFWUXP RI FDPSKHQH DW  H9 DQG E  FKDUJH
WUDQVIHU &7 IURP6:,)7LVRODWHG ³WKHUPDOL]HG´P[\OHQHUDGLFDO FDWLRQVDW P]  0 WR
FDPSKHQH UHDFWLRQV RI W\SH  DQG  LQ 7DEOH ,  7KH  H9 (, )7,&5 PDVV VSHFWUXP RI
FDPSKHQHLQFOXGHLRQVDWP]DQGDQGUHVHPEOHVDFRQYHQWLRQDOH9(,PDVVVSHFWUXP
>@ 7KH XQLPROHFXODUO\ DQG FROOLVLRQDOO\ ³FRROHG´ DQG GRXEOH LVRODWHG P[\OHQH LRQV DW P]
 )LJXUHE FKDUJHWUDQVIHUUHGWRFDPSKHQH UHDFWLYHIUDFWLRQ ZLWKUDWHFRQVWDQWRIa
3DJHRI

[PROFPV7KHUHSRUWHGOLWHUDWXUHYDOXHIRUFDPSKHQH,(LV³H9´EXWWKH1,67
LRQL]DWLRQHQHUJ\RIaH9IRUP[\OHQH>@HVWDEOLVKHVDQXSSHUOLPLWIRUWKHFDPSKHQH,(
WREH≤
)LJXUH&KDUJHWUDQVIHU &7 IURP D ³KRW´ E XQLPROHFXODUO\³FRROHG´DQG F FROOLVLRQDOO\
³FRROHG´FDPSKHQHLRQVDWP]WREHQ]HQHQHXWUDOV7KHREVHUYHGLRQVLQ)LJXUHDLQFOXGH
LRQV DW P]  UHDFWDQW 0FD      DQG  ,RQV DW P]   DQG  DUH
FDPSKHQH PHWDVWDEOH GHFD\ SURGXFWV 3URGXFW LRQV DW P]  DQG  DUH &7 DQG EHQ]HQH 6&,
SURGXFWV 7KH PHWDVWDEOH FKDQQHOV DUH QRW IDYRUDEOH IRU WKH XQLPROHFXODUO\³FRROHG´ UHDFWDQW
FDPSKHQHLRQVLQE7KHH9OLWHUDWXUHUHSRUWHGYDOXHIRUWKHLRQL]DWLRQHQHUJ\RIEHQ]HQH
VXJJHVWVWKDW³KRW´DQG³XQLPROHFXODUO\FRROHG´FDPSKHQHLRQVFRQWDLQ!H9H[FHVVLQWHUQDO
HQHUJ\ LHaH9DERYHWKHSUHVXPHGLRQL]DWLRQHQHUJ\RIFDPSKHQH ,QFWKHFROOLVLRQDOO\
FRROHGFDPSKHQHLRQVZHUHXQUHDFWLYH
7$%/(6
7DEOH , 6XPPDU\ RI 0HWDVWDEOH DQG ,RQ0ROHFXOH 5HDFWLRQ .LQHWLF 'DWD DQG 6HOHFWHG
([SHULPHQWDO'HWDLOV

3DJHRI

5()(5(1&(6


6RORXNL76]XOHMNR-(%HQQHWW-%*UDKDP/%$3UHFRQFHQWUDWRU&RXSOHGWR
D*&)706$GYDQWDJHVRI6HOI&KHPLFDO,RQL]DWLRQ0DVV0HDVXUHPHQW$FFXUDF\DQG
+LJK0DVV5HVROYLQJ3RZHUIRU*&$SSOLFDWLRQV-$P6RF0DVV6SHFWURP




9pNH\.,QWHUQDO(QHUJ\(IIHFWVLQ0DVV6SHFWURPHWU\-0DVV6SHFWURP




'UDKRV / 9pNH\ . 0DVV.LQHWLFV $ 7KHRUHWLFDO 0RGHO RI 0DVV 6SHFWUD
,QFRUSRUDWLQJ 3K\VLFDO 3URFHVVHV 5HDFWLRQ .LQHWLFV DQG 0DWKHPDWLFDO 'HVFULSWLRQ -
0DVV6SHFWURP



7K|OPDQQ'7RQQHU'60F0DKRQ7%6SRQWDQHRXV8QLPROHFXODU'LVVRFLDWLRQ
RI6PDOO&OXVWHU,RQV +2 /QDQG&O +2 Q Q  XQGHU)RXULHU7UDQVIRUP,RQ
&\FORWURQ5HVRQDQFH&RQGLWLRQV-3K\V&KHP



'XQEDU 5 & .LQHWLFV RI 7KHUPDO 8QLPROHFXODU 'LVVRFLDWLRQ E\ $PELHQW ,QIUDUHG
5DGLDWLRQ-3K\V&KHP



3ULFH : ' 6FKQLHU 3 ' :LOOLDPV ( 5 7DQGHP 0DVV 6SHFWURPHWU\ RI /DUJH
%LRPROHFXOH,RQVE\%ODFNERG\,QIUDUHG5DGLDWLYH'LVVRFLDWLRQ$QDO&KHP




'XQEDU5&%,5' %ODFNERG\,QIUDUHG5DGLDWLYH'LVVRFLDWLRQ (YROXWLRQ3ULQFLSOHV
DQG$SSOLFDWLRQV0DVV6SHFWURPHWU\5HYLHZV



'XQEDU 5 & ,QIUDUHG 5DGLDWLYH &RROLQJ RI *DVSKDVH ,RQV 0DVV 6SHFWURPHWU\
5HYLHZV



6RORXNL 7 )RUW 5 $ORPDU\ $ )DWWDKL $ *DVSKDVH +\GURJHQ 'HXWHULXP
([FKDQJH 5HDFWLRQV RI D 0RGHO 3HSWLGH )7,&5 DQG &RPSXWLRQDO $QDO\VHV RI 0HWDO
,QGXFHG&RQIRUPDWLRQDO0XWDWLRQV-$P6RF0DVV6SHFWURP



:DQJ7&/5LFFD7/0DUVKDOO$*([WHQVLRQRI'\QDPLF5DQJHLQ)RXULHU
7UDQVIRUP ,RQ &\FORWURQ 5HVRQDQFH 0DVV 6SHFWURPHWU\ YLD 6WRUHG :DYHIRUP ,QYHUVH
)RXULHU7UDQVIRUP([FLWDWLRQ$QDO&KHP



-LDR&45DQDWXQJD'5$9DXJKQ:()UHLVHU%6$3XOVHG/HDN9DOYHIRU
3DJHRI

8VHZLWK,RQ7UDSSLQJ0DVV6SHFWURPHWHUV-$P6RF0DVV6SHFWUXP



%DUWPHVV-(*HRUJLDGLV 5 0 (PSLULFDO 0HWKRGV IRU 'HWHUPLQDWLRQ RI ,RQL]DWLRQ
*DXJH5HODWLYH6HQVLWLYLWLHVIRU'LIIHUHQW*DVHV9DFXXP



1DNDR ) 'HWHUPLQDWLRQ RI WKH ,RQL]DWLRQ *DXJH 6HQVLWLYLWLHV 8VLQJ WKH 5HODWLYH
,RQL]DWLRQ&URVV6HFWLRQ9DFXXP



0LOOHU.-6DYFKLN-$$1HZ(PSLULFDO0HWKRGWR&DOFXODWH$YHUDJH0ROHFXODU
3RODUL]DELOLHV-$PHU&KHP6RF



/LGH'5)UHGHULNVH+35(GV&5&+DQGERRNRI&KHPLVWU\DQG3K\VLFVWKHG
&5&3UHVV,QF%DWRQ5RXJH/$6HFWLRQ



$QLFLFK9*-3/,RQ0ROHFXOH'DWDEDVH-HW3URSXOVLRQ/DERUDWRU\'RZQORDGDEOH
'DWDEDVHV



.RIHO 3 0F0DKRQ 7 % 'HWHUPLQDWLRQ RI 5DGLDWLYH DQG 8QLPROHFXODU
'HFRPSRVLWLRQ /LIHWLPHV RI &KHPLFDOO\ $FWLYDWHG ,RQV E\ )RXULHU 7UDQVIRUP ,RQ
&\FORWURQ5HVRQDQFH6SHFWURPHWU\-3K\V&KHP



6WHLQIHOG-, )UDQFLVFR-6 +DVH : / &KHPLFDO .LQHWLFV DQG '\QDPLFV




6RORXNL72ULHGR9-%5XVVHOO'+*DVSKDVH,RQPROHFXOH5HDFWLRQVRI3HSWLGH
,RQV ZLWK 6PDOO 1HXWUDO 0ROHFXOHV 3URFHHGLQJ RI WKH VW $606 &RQIHUHQFH RQ 0DVV
6SHFWURPHWU\DQG$OOLHG7RSLFV6DQ)UDQFLVFR&$0D\-XQH



5XVVHOO ' + 6RORXNL 7 2ULHGR - 9 % &ROOLVLRQDO 5HOD[DWLRQ RI 0HWDVWDEOH
(OHFWURQLF6WDWHVRI)H-$P6RF0DVV6SHFWURP



$KPHG 0 6 'XQEDU 5 & &KRSSHGODVHU 7ZRSKRWRQ 3KRWRGLVVRFLDWLRQ
0HDVXUHPHQW RI &ROOLVLRQDO 5HOD[DWLRQ LQ %HQ]HQH ,RQ -RXUQDO RI &KHPLFDO 3K\VLFV




KWWSQLVWJRY7KHUPRFKHPLFDO'DWD&KHPLVWU\2QOLQH:HE%RRN



/LQ &< 'XQEDU 5 & =HUR3UHVVXUH 7KHUPDO5DGLDWLRQ,QGXFHG 'LVVRFLDWLRQ RI
7HWUDHWK\OVLODQH&DWLRQ-3K\V&KHP



+RUQLQJ65:RUG-0&RUG-5)UHLVHU%6&RRNV5*&RPSDUDWLYH6WXG\
3DJHRI

RI (QHUJ\ 'HSRVLWLRQ LQ *DVHRXV2UJDQLF ,RQV3HUIRUPHG8VLQJ /LPRQHQH DV D 0RGHO
&RPSRXQG,QW-0DVV6SHFWURP,RQ3URF


0HGYHG 0&RRNV 5 * %H\QRQ - + 7HPSHUDWXUH (IIHFWV LQ 0DVV6SHFWURPHWULF
)UDJPHQWDWLRQV,QW-0DVV6SHFWURP,RQ3URF



%HQQHWW - % *UDKDP / % 6]XOHMNR - ( 6RORXNL 7 'LIIHUHQWLDWLRQ RI 7HUSHQH
,VRPHUV%DVHGRQ8QLPROHFXODUDQG,RQPROHFXOH5HDFWLRQV3URFHHGLQJRIWKHWK1RUWK
$PHULFDQ)7,&506&RQIHUHQFH0DUVKDOO&$$SULO



6]XOHMNR-(%HQQHWW-%*UDKDP/%6RORXNL7.LQHWLF$QDO\VLVRI0HWDVWDEOH
'HFD\ DQG ,RQPROHFXOH 5HDFWLRQV IRU 6HOHFWHG 7HUSHQH ,VRPHUV &ROG DQG +RW ,RQV
3URFHHGLQJ RI WKH VW $606 &RQIHUHQFH RQ 0DVV 6SHFWURPHWU\ DQG $OOLHG 7RSLFV
0RQWUDO4&&DQDGD-XQHS



*LPRQ 0 ( 3UHVWRQ / 0 6RORXNL 7 :KLWH 0 $ 5XVVHOO ' + $UH 3URWRQ
7UDQVIHU5HDFWLRQRI([FLWHG6WDWHV,QYROYHGLQ89/DVHU'HVRUSWLRQ,RQL]DWLRQ"2UJ
0DVV6SHFWURPHWU\



%DVLF&+DUULVRQ$*$0DVV6SHFWUDO6WXG\RI6RPH&+0RQRWHUSHQHV&DQ
-$SSO6SHFWURVF

3DJHRI

Figure 1

Experimental Event Sequences

Figure 1.

Q

PV

EI

ISO1

VMD
(Metastable decay)

Excite/Detect

Q

PV

EI

ISO1

VPLVD
(Ion molecule reaction)

Excite/Detect

Q

PV

EI

ISO1

ISO2

(a)

(b)
VPLVD

Excite/Detect

VMD

(c)
Q

PV

EI

VPLVD

ISO1
VMD

(d)
TIME

ISO2

VPLVD

Excite/Detect

Figure 2

Figure 2.

Normalized Abundance
Normalized Abundance
Normalized Abundance

1.0
0.8
0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2
0.0

0

0

0

(a)

200

300

"Hot" ICR Cell
Ion Isolation (a)
10 s after EI Event

100
Reaction Delay Time (s)

(b)

200

300

"Cold" ICR Cell
Ion Isolation 0.6
s after EI Event
(b)

100

Reaction Delay Time (s)

(c)

200

300

"Hot"
(c) ICR Cell
Ion Isolation 0.6 s after EI Event

100

Reaction Delay Time (s)

400

400

400

Figure 3

Figure 3.

(a)

(b)

Normalized Abundance

1.0
0.8
0.6
0.4
0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.0

Normalized Abundance

0

0

40

60

m/z 136

m/z 137

80

100

Temporal Profile for Â-Pinene SCI

20

Reaction Delay Time (s)

40

60

m/z 92, 94, 121

m/z 137
80

100

Temporal Profile for Camphene SCI

m/z 136

20

Reaction Delay Time (s)

Figure 4

Figure 4.

(a)

50

(b)

50

67

70

79

Electron Impact

110

107

121

(camphene EI at 24eV)

93

90
m/z

Charge Transfer

94

110

150

camphene m.+ ≡ C10H16 .+
136

130

130

137

150

camphene m.+ ≡ C10H16 .+
136

(106.+ + camphene → 136.+ + m-xylene)

90

m-xylene m.+ ≡ C8H10.+
106

70

m/z

Figure 5

92

90

94

110

121

130

150

136
camphene Mca.+
( C10H16.+ )

Charge Transfer from “Hot” Camphene Ions
(136.+* + benzene → camphene + 78.+)

70

78 C6H6.+

79 C6H7+

Figure 5.

a)

50

m/z

Figure 5.

b)

78
79

90

94

benzene m.+ ≡ C6H6.+

70

110

130

150

136
camphene Mca.+
( C10H16.+ )

Charge Transfer from Unimolecular “Cooled” Camphene Ions
(136.+* + benzene → camphene + 78.+)

50

m/z

Figure 5.

c)

50

90

110

Collisionally “Cooled” Camphene Ions
(136.+ + benzene → No reaction)

70

m/z

130

136
camphene Mca.+
( C10H16.+ )

150

Table I

Table I- Summary of Metastable and Ion-Molecule Reaction Kinetic Data and Selected Experimental Details
Rxn
Ion
#
Precursor
Sample
(PV)

Reactant
Neutral
(PLV)

Ion Reaction
Isolated Type
(m/z)

Reactant
Pressure

Primary Product
Ions or 2 nd Order
Reaction Observed

Uncorrected
IG Reading
(torr)

(m/z)

TC
(τ)
(s)

Bimol.
Rate (k)
(cm3 s -1)

Reactive/Depleted
Fraction of the
Isolated Ion
[A r+]0

1

Acetone–PLV

Acetone

43

PT

4.0E-09

59

39

2.7E-10

1.00

2

Acetone–PLV

Acetone

43

A

7.5E-09

59 →117

700

8.1E-12

1.00

3

Camphene

hν

136

U

3.0E-10

92, 94, 121

32

-

0.55

4

Camphene

hν− “cold”

136

U

3.0E-10

92, 94, 121

104

-

0.62

5

Camphene

hν− “hot”

136

U

3.0E-10

92, 94, 121

19

-

0.64

6

α-Pinene

α-Pinene

136

CT

4.7E-09

136, 137

33

9.9E-10

0.13

7

Camphene

hν, Camphene

136

U

2.0E-09

92, 94, 121, 137

15

-

0.68

8

Camphene

hν, Camphene

136

PT

2.0E-09

94 → 137

45

1.7E-09

0.68

9

Camphene

No leaking

None

EI

-

EI mass spectrum

-

-

-

10

m-Xylene

Camphene

106

CT

1.1E-09

94, 136, 137

121

1.2E-09

1.0

11

m-Xylene

Camphene

106

CT

4.3E-09

94, 136, 137

32

1.1E-09

1.0

12

Camphene

Benzene

CT

2.4E-09

-

Not determined

Camphene

Benzene

CT

1.4E-09

78, 79, 92
94, 121,
78, 79, 94

-

13

-

-

Not determined

14

Camphene

Benzene

136
(Hot)
136
(UC)
136
(CC)

CT

3.0E-09

No reaction

-

-

0.0
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Abbreviations used in Table I:
Abbreviation

Description

Abbreviation

Description

A

Association reaction

k

Bimolecular rate constant (molecules cm3 s-1)

[A r+]0

Reactive/depleted fraction of isolated ions

PLV

Pulsed leak valve introduction

CC

Collisional cooling

PT

Proton transfer reaction

CT

Charge transfer reaction

PV

Pulsed valve introduction

EI

Electron impact

TC (τ)

Reaction time constant (s)

hν

Photons - bird type reactions

U

Unimolecular (or BIRD type) Reactions

UC

Unimolecular cooling

IG

Ion gauge - pressure readout, uncorrected for
chemical sensitivity or geometry factor
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Self-Chemical Ionization of Camphene and α -Pinene Isomers: Ionic Excited State Acidities,
Neutral Proton Affinities, and other Thermochemical Considerations
Part B – SCI Reactions of Fragment Ions and Proton Affinity Bracketing
Touradj Solouki* and Jan E. Szulejko
Chemistry Department, 5706 Aubert Hall, University of Maine, Orono, ME 04469-5706
ABSTRACT (word count 285)
Unlike the parent ion of camphene at m/z 136, isolated fragment ions of camphene and
α-pinene at m/z 93 and 121 did not show any metastable product ions up to 500 s unimolecular
reaction delay. The isolated fragment ions of camphene and α-pinene at m/z 93 and 121 reacted
with their respective terpene neutrals to produce [M + H]+ at m/z 137. A minor reaction channel
for α-pinene fragment ions at m/z 93 was the formation of a charge transfer product at m/z 136.
Both camphene and α-pinene fragment ions at m/z 93 were 100% reactive. Conversely, < 50%
of the camphene or α-pinene fragment ions at m/z 121 were reactive and produced [M + H]+ self
-chemical ionization (SCI) product ions at m/z 137 as the major product ion. Proton affinity (PA)
bracketing experiments, PA additivity schemes, and alkene PA vs. adiabatic ionization energy
(IE) linear correlation indicated that the PAs of camphene and α-pinene are comparable (~ 210 ±
2 kcal mol-1 ). Selected waveform inverse Fourier transform (SWIFT) isolated thermalized [M +
H]+ ions of

13

C1 α-pinene (m/z 138),

13

C1 camphene (m/z 138), and pyrrole (m/z 68) protonated

camphene or α-pinene immeasurably slowly. Conversely, the corresponding non-thermalized [M
+ H]+ species of α-pinene, camphene, and pyrrole protonated camphene or α-pinene efficiently.
The observed [M + H]+ SCI terpene ions were mainly the products of various fragment ion
reactions. The internally excited molecular radical cations of camphene made a minor
contribution to [M + H]+ of camphene. The α-pinene molecular ions showed no SCI reactivity. A
simple model was used to predict SCI mass spectral appearances of α-pinene and camphene
based on the experimental kinetic data and as a function of pressure and time.
Keywords: α-Pinene, Camphene, Charge Transfer, Exited State, FT-ICR, Ion-Molecule Reactions, Kinetics, Proton
Affinity, Self-Chemical Ionization (SCI), SCI Modeling, Thermalization
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INTRODUCTION
In this paper, we present details of chemical processes that are involved in self-chemical
ionization (SCI) reactions of α-pinene and camphene isomers. Previously, we showed that SCI
propensity of these two isomers were different and could be used to distinguish their chemical
structures [1]. Our goal is to construct a simple model that can be used to predict the mass
spectral patterns for SCI of α-pinene and camphene as a function of pressure and time. The
chemical structures of α-pinene and camphene isomers (C 10 H16 ) are shown below:

α-Pinene

Camphene

In part A of this series, we reported on the role of internally excited α-pinene and
camphene molecular cations in determining SCI mass spectral patterns [2]. Ground and excited
states of terpene isomers exhibited different reaction rates for SCI and unimolecular decay. At 24
eV ionization energy, the camphene molecular ions were formed with a significant amount of
internal energy (e.g., = 0.7 eV for camphene molecular cations) [2]. To further understand the
different mechanisms of α-pinene and camphene SCI, here we report additional details on SCI
reactions that involve isolated fragment ions. In addition, we compare proton affinities of αpinene and camphene using proton affinity bracketing, literature density functional theory (DFT)
calculations [3], proton affinity versus ionization ene rgy linear correlation scheme [4, 5], and
group additivity scheme [4, 6]. Moreover, we discuss the significant roles of the excited state and
fragment ion reactivities in determining the observed SCI mass spectral patterns. Finally, using
the thermochemical data extracted from numerous ion- molecule reactions for parent [2] and
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fragment ions of α-pinene and camphene we construct a simple model to predict SCI mass
spectral patterns for the two isomers as a function of time and pressure.

EXPERIMENTAL
Instrumentation:
All experiments were performed on a 7-T FT-ICR MS (IonSpec Corporation, Forest Lake, CA).
Details of the instrumental setup was discussed earlier in part A [2]. A number of event
sequences that included multiple ion isolation events were used to study particular systems as
required (for additional details, please refer to Figure 1 in reference [2].

Chemicals and Sample Preparation:
The terpene and proton affinity reference bases were purchased from Aldrich Chemical
Company, Inc. (Milwaukee, WI) and used without further purification except for conventional
freeze-thaw degassing procedure on the sample introduction system. Analytes were introduced
into the ICR cell through the pulsed and/or pulsed- leak [7] valve sample introduction systems.

Pressure Geometry Factor Determination:
Analyte pressures were measured by a remote Granville-Philips series 274 Bayard-Alpert
(Boulder, CO) type ionization gauge tube (located ~ 1 m from the ICR cell) and corrected for
their relative ion gauge chemical sensitivity (CS) [8, 9]. The pressure geometry {g = 0.55 =
[(chemical sensitivity corrected ion gauge reading)/(actual ICR pressure)]} factor for our ICR
cell was determined by using acetone SCI reaction as a reference [2]. All bimolecular rate
constants determined in this work, including those reported in Table I, have been scaled using a g
= 0.55. The temperature of neutral reagents in the ICR cell was taken as ~ 296 (±1) K, the
measured ambient laboratory temperature. The experimental bimolecular rate constants are
reported with an estimated precision of ± 10% [2].

Data Analysis and Kinetic Schemes:
The ion abundance data from IonSpec software output were normalized to one for each reaction
delay time and analyzed using conventional kinetic analysis methods [2]. The curve- fitting
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results from Origin 7.0 software (OriginLab Corporation-Northampton, MA) were used to
determine the unimolecular and/or bimolecular rate constants as well as the reactive population
fractions. Details on irreversible (pseudo) first (scheme 1) and second order (scheme 2) reactions
are provided in part A [2]. A brief description for schemes 1 and 2 is provided here as well:

Scheme 1: Irreversible (pseudo) first order decay:

A+ + B → P1+ + C
[ A+ ] = [ Au+ ] + [ Ar+ ]0 e −(t /τ 1 )

( Equation 1)

where [A+ ] is the abundance of the A+ ions at a given reaction delay time t (s), [A u+] is the
unreactive fraction of the A+ ions, [Ar+]0 is the initial concentration of the reactive fraction of A+
at the end of the last ion isolation event [2], τ1 is the pseudo first order time constant, B is the
reactant neutral compound, and C is/are the neutral product(s).

Scheme 2: Irreversible 2-step (pseudo) first order consecutive decay reactions:
k1
k2
A ⎯⎯→
B ⎯⎯→
C

in this case, reactions are :
k1
k2
[ A+ ] ⎯⎯→
[ P1+ ] ⎯⎯→
[ P2+ ]

A mathematical relationship that relates k1 and k2 can be used to solve for unknown parameters
such as k2 and reactive fraction (P+1r) of the intermediate product ion (P+1 ). For the reactions
reported in this paper, we assumed that the intermediate species (P+1 ) had no unreactive
components [2]. A derivation of a 2-step consecutive reaction is given in reference [10]. For
example, equation 2 can be used to curve fit the terpene ion-molecule reaction kinetic data and
extract τ2 and reactive fraction (P+1r) of the intermediate product ion (P+1 ):

⎛ τ2 ⎞
⎟⎟ × [ Ar+ ]0 × (e −( t / τ1 ) − e −( t / τ 2 ) )
[ P1+ ] = ⎜⎜
⎝τ1 −τ 2 ⎠
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( Equation 2)

For the reactions studied in this work, the intermediate product ions reacted away
completely and hence the reactive fraction (P+1r) of the intermediate was set to one. In all
relevant cases, allowing [A+r]0 float in equation 2, returned a value within ten percent of that
obtained using equations. Bimolecular rate constants were calculated using the relationship
between the time constants (τn ) and neutral number density [N]:

k = 1/([N]*τn )

(Equation 3)

Where [N] is the number density of the reactant neutral in the FT-ICR cell (in molecules cm-3 )
assuming T ≅ 296 K (as measured by a mercury thermometer in the vicinity of the ICR cell
vacuum chamber) and n = 1 or 2. The neutral reactant pressure in the FT-ICR cell was
determined by applying the appropriate ion gauge chemical sensitivity and geometry correction
factors. The number densities ([N]) were calculated using standard ideal gas equations and using
the corrected values for analyte pressures.
Microsoft Excel program (Microsoft Office 2003) was used to model the camphene and αpinene SCI patterns (i.e., estimation of m/z 137:136 ratio); details are provided in the section
titled “Terpene SCI Simulation Model and Comparison with Experiment”.

RESULTS and DISCUSSION
In this section, results from representative data are discussed to elucidate the factors responsible
for the disparate SCI propensities of α-pinene and camphene. Selected major ions in the 24 eV
mass spectra were chosen for comprehensive investigation, viz., m/z 93, 121 and 136. In Part A
[2], we reported the results obtained on the molecular radical cations of α-pinene and camphene
at m/z 136. Here, in Part B, we present the results from selected major fragment ions, viz., m/z 93
and m/z 121. In conjunction with the findings from Part A [2], we have constructed a
mathematical model to calculate the m/z 137 to m/z 136 abundance ratio as a function of
pressure (P) and reaction delay time (t). A summary of the acquired/calculated kinetic data are
shown in Table I.
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To determine the contributions of major fragment ions at m/z 93 and 121, these fragment
ions were SWIFT isolated and their charge transfer and proton transfer kinetics were followed
(e.g., reaction #s 1-9 in Table I). Proton affinity bracketing experiments were utilized to estimate
the PAs of camphene and α-pinene and understand the importance of proton affinity on the
observed SCI (e.g., reaction #s 10-17 in Table I). Proton transfer reactions between SWIFT
isolated (isotopically tagged) protonated α-pinene and camphene at m/z 138 (i.e., the

13

C1

isotopomer of [M + H]+) with neutral camphene and α-pinene, respectively, were studied to
compare proton affinities and reaction kinetics of the two terpene isomers (e.g., reaction #s 18-21
in Table I).
Fragment Ions of α -Pinene and Camphene (m/z 93 and 121) – General Comments:
We used SWIFT isolation (0.5 s after the 24 eV electron impact event) to monitor fragment ion
reactivities of α-pinene and camphene. The α-pinene and camphene m/z 93 and 121 fragment
ions showed no unimolecular product ions up to 500 s unimolecular reaction delay (these nonreactions are not included in Table I). The main observed (SCI) products were protonated
terpenes [M + H]+. The observed reaction kinetics for SWIFT isolated ions at m/z 93 and 121 are
summarized in Table I, reaction #s 1-9. A minor product channel (e.g., m/z 81, reaction #s 3, 6
and 8 in Table I) was present in addition to the m/z 137 product ion channel. Additional details
for the reactions of m/z 93 and 121 are provided in the following sections. At longer reaction
delays (> 200 s) and reactant neutral pressure of ~ 5 x 10-9 torr, associatio n and condensation
product ions were observed (e.g., reaction # 9, Table I).

Reactions of SWIFT Isolated Fragment Ions at m/z 93:
Figure 1 shows temporal plots of SWIFT isolated fragment ions of α-pinene and camphene at
m/z 93 () reacting with their α-pinene (Figure 1a) and camphene (Figure 1b) neutral
counterparts, respectively. The fragment ions at m/z 93 for both α-pinene and camphene yielded
SCI product ions at m/z 137 (). The proton transfer rate constant for α-pinene fragment ion at
m/z 93 with α-pinene (i.e., [93]+ + 136 → [137]+ + 92) was 4.2 x 10-10 cm3 molecule -1 s-1 ; the
reactive fraction of the proton transfer m/z 93, [Ar], was 0.7 (reaction #1, Table I). Other reaction
channels were m/z 81 (, [Ar] ~ 0.25, reaction # 3 in Table I) and a minor charge exchange
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product to yield m/z 136, M.+ (, [Ar] ~ 0.05, reaction # 2 in Table I). The α-pinene product
fragment ion at m/z 81 further reacted with the neutral α-pinene to yield a number of minor
condensation product ions at m/z 95, 121, and 161 at a total rate of 5.2 x 10-11 mol cm3 molecule1 -1

s (reaction # 4 in Table I). The abundances of these minor product ions were summed together

and are shown in Figure 1a as “other products” (). On the other hand, the proton transfer rate
constant for camphene fragment ion at m/z 93 with the neutral camphene was 5.9 x 10-10 cm3
molecule-1 s-1 and [Ar] was 0.88 (reaction # 5 in Table I). A minor SCI product channel for
camphene 93 fragment ion was the formation of m/z 81 (k = 1.3 x 10-9 cm3 molecule -1 s-1 and
[Ar] = 0.12, reaction # 6 in Table I). Unlike the α-pinene system, the m/z 81 produced from the
reaction of camphene fragment ion at m/z 93 was unreactive.

Comments on Structural Identities of Fragment Ions at m/z 93:
The base peak in both camphene and α-pinene 24 eV EI mass spectra was the fragment ion at
m/z = 93 (e.g., Figure 5a). Basic and Harrison [11] determined the identity of the EI fragment ion
at m/z 93 from selected terpenes as protonated 1,3,5-cycloheptatriene. The PA of 1,3,5cycloheptatriene (protonated at C-1) has been recently determined to be 199 ± 1 kcal mol-1 by
FT-ICR MS [12]. In the following “Proton Affinity” sections, we demonstrate that the proton
affinities of both α-pinene and camphene are higher than 208 kcal mol-1 . Therefore, protonated
1,3,5-cycloheptatriene should proton transfer to either terpene isomer at or near the collision rate.
In other words, ∆H < -9 kcal mol-1 (for Terpene + 93+ → 137+ + 92) is sufficiently exothermic to
ensure unit reaction efficiency. However, the SCI of α-pinene (reaction #1 in table I) or
camphene (reaction #5 in table I) by the fragment ions at m/z 93 proceeded at less than 0.3 (<k>
~ 5.1 x 10-10 cm3 molecule-1 s-1 ) of the estimated Langevin collision rate ( ~ 2.0 x 10-9 cm3
molecule-1 s-1 ). A reaction efficiency (RE) of ~ 0.3 may imply a proton transfer reaction (PTR)
∆G or ∆H ~ 1 kcal mol-1 based on the thermokinetic results of Bouchoux [13], ignoring any PT
barriers. Therefore, the PA of conjugate base of the m/z 93 α-pinene or camphene fragment ion
is estimated to be ≥ 210 kcal mol-1 (i.e., ~ 1 kcal mol-1 above that of α-pinene). The value of ~
210 kcal mol-1 is about 11 kcal mol-1 higher than the reported proton affinity of 1,3,5cycloheptatriene [12]. Moreover, in separate experiments, the protonated toluene at m/z 93
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(PA(toluene) = 187.4 kcal mol-1 ; see label # 16 in Table II) protonated both camphene and αpinene efficiently. Therefore, it is concluded that the m/z 93, resulting from 24 eV EI on αpinene or camphene in the present work, was not protonated 1,3,5-cycloheptatriene [11] or
protonated toluene. Therefore, identities of the terpene fragment ions at m/z 93 remain uncertain
based on the literature work [11] and our PT kinetic results.

Reactions of SWIFT Isolated Fragment Ions at m/z 121:
Figure 2 contains temporal plots of SWIFT isolated fragment ions of α-pinene and camphene at
m/z 121 () reacting with their neutral parent α-pinene (Figure 2a) and camphene (Figures 2b)
counterparts, respectively. As shown in Figure 2a, approximately 42% of the α-pinene fragment
ions at m/ z 121 reacted with neutral α-pinene to yield m/z 137 as the sole product channel at a
rate of 5.5 x 10-10 cm3 molecule -1 s-1 (reaction # 7, Table I); moreover, at an α-pinene pressure of
5.0 x 10-9 torr, no further reaction after ~ 200 s was observed. Conversely, as shown in Figure
2b, initially 15% (cf. 42% for α-pinene) of the camphene m/z 121 ions reacted with neutral
camphene to yield two first order product channels, viz., m/z 81 [M + H – C4 H8 ]+ and 137 [M +
H ]+ (~ 1:2 ratio), at a total rate of 1.1 x 10-9 cm3 molecule-1 s-1 (reaction # 8 in Table I). After
200 s of reaction, the camphene m/z 121 fragment ions disappeared more slowly at an apparent
rate (kapp) of ~ 8.8 x 10-12 cm3 molecule-1 s-1 to give an association product ion at m/z 257
(reaction # 9 in Table I). In addition, m/z 81 reacted with camphene to give an association
product at m/z 217 [2M + H – C4 H8 ]+ (not shown in Table I or Figure 2b). The kinetic data
suggests that the m/z 121 ions produced from 24 eV EI on camphene and α-pinene have
different structures and reactivities. From our observations, the m/z 121 from α-pinene or
camphene produced by 24 eV EI has at least three components; a PT component to give m/z 137,
a component to give m/z 81 and an unreactive component. Protonated mesitylene (m/z 121,
PA(mesitylene) = 199.9 kcal mol-1 ) proton transferred to α-pinene and camphene at unit efficiency
(data not shown in Table I) with 100% reactive component; comparisons between proton transfer
reactions of terpene fragment ions and mesitylene (label 12 in Table II) demonstrate that proton
affinities of the conjugate bases of the fragment ions are greater than 200 kcal mol-1 . Therefore,
the fragment ions of α-pinene and camphene at m/z 121 may have different structures from each
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other and neither fragment ion has the same structure as the protonated mesitylene.

Proton Affinity of Camphene:
We have used a PA group additivity scheme [6], PA vs. IE linear correlation [14], literature DFT
calculations [3], PA bracketing and proton transfer kinetics to estimate the PA for camphene or
α-pinene to be ~ 210 ± 2 kcal mol-1 .
Additivity Scheme:
A molecule with an identical ring structure to camphene is 2- methylenebicyclo[2.2.1]- heptane
(C 8 H12 ) but it lacks the 2 methyl substituents on the α carbon to the >C=CH2 group. The PA for
2-methylenebicyclo[2.2.1]-heptane (listed as 2-methylenenorbornane in Table II, label # 6) is
205.7 kcal mol-1 [15].

Camphene

2-methylenenorbornane

Unlike ketones, there is a lack of PA data on alkenes in the literature [15] to calculate group
additivity PA increments for alkenes. Instead, we used a ketone as a reasonable approximation
for an alkene. The pairs of ketones used to calculate methyl group proton affinity increments
included: 2,2,4,4- Tetramethyl-3-Pentanone and 3-Pentanone (∆PA = 5.9 kcal mol-1 with a
difference of 4 methyl groups); 2,2,4-Trimethyl-3-Pentanone and 3-Pentanone (∆PA = 4.8 kcal
mol-1 with a difference of 3 methyl groups); 2,4-Dimethyl-3-Pentanone and 3-Pentanone (∆PA =
3.2 kcal mol-1 with a difference of 2 methyl groups); 3,3-Dimethyl-2-Butanone and 2-Butanone
(∆PA = 3.1 kcal mol-1 with a difference of 2 methyl groups). Considering the four ketone pairs,
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an average of ~ 1.6 kcal mol-1 for each additional methyl group is estimated. The >C=CH2 group
(e.g., in camphene) is isoelectronic to a ketone group (>C=O) and therefore methyl substitution
for H on the α-carbon for either >C=CH2 or >C=O will show similar group PA increments.
Using methyl group additivity increments (~ 3.2 kcal mol-1 for two methyl groups) to ketone PA
(for the α-carbon methyl group substitution) as a model [15]) and the known PA of 2methylenebicyclo[2.2.1]- heptane, the PA of camphene is estimated to be (205.7 kcal mol-1 + 3.2
kcal mol-1 ) ~ 209 kcal mol-1 [6].

PA vs. IE Linear Correlation:
Holmes and Aubry presented a brief review of the correlation schemes for different homologous
series that can be used to relate various gas-phase thermochemical data [14]. For example, it has
been shown that there is a linear relationship [4, 5] between PAs and IEs for series of oxygen
compounds. In principal, this type of a linear relationship can be extended to alkenes. A plot of
proton affinity versus adiabatic ionization energies for model alkenes with a linear correlation
coefficient of 0.97 is shown in Figure 3. Using the known IE for α-pinene of 8.07 eV [15] and
performing linear regression analysis on the data in Figure 3, the PA for α-pinene is estimated as
~ 210 kcal mol-1 .

DFT Calculations:
A DFT calculation [3] places the PA of camphene (213.4 kcal mol-1 ) ~ 1 kcal mol-1 below that of
α-pinene (PA = 214.2 kcal mol-1 ). It should be noted that DFT calculated absolute PAs for
alkenes are systematically higher and this particular deficiency in DFT has been noted by Smith
and Radom [16]. On the other hand, relative DFT calculated PAs are generally reliable for
homologues.
In summary, both DFT calculations and PA estimations show that that the PA of αpinene is ~ 1 kcal mol-1 above that of camphene.

Proton Affinity Bracketing Experiments:
The proton transfer reaction rate was observed to be immeasurably slow between base pairs of αPage 10 of 24

pinene, camphene or pyrrole if the protonated precursor ions were either unimolecularly and/or
collisionally cooled prior to proton transfer reaction. This observation suggests that the PAs of αpinene, camphene or pyrrole (209.2 kcal mol-1 , label #4 in Table II) are similar and also there is a
small positive activation barrier (~ 2.7 kcal mol-1 for less than 1% reaction efficiency at room
temperature) [13] for proton transfer. According to DFT calculations, the proton affinity of
camphene is approximately 1 kcal mol-1 lower than that of α-pinene [3]. It should be noted that
near thermoneutral proton transfer rate constants are generally low for carbon bases [6]. The use
of isotope tagging to measure directly the proton affinity difference of α-pinene and camphene is
discussed below in more detail.
Estimate of the Lower PA Value for α -Pinene:
Protonated α-pinene did not proton transfer to 5- nonanone (PA = 204.0 kcal mol−1 ) at an
observable rate at a neutral 5-nonanone pressure of 5.0 x 10-9 torr and up to 500 s reaction delay
(reaction # 10 in Table I). This means that any protonated 5- nonanone produced was below the
FT-ICR detection limit and therefore places an upper experimental limit of ~ 1% for the extent of
reaction at 500 s (i.e., a pseudo first order rate constant < 0.01/500 s-1 ).
The proton transfer reaction efficiency (η) can be estimated based on the following
procedure: a 5-nonanone polarizability, α = 17 Å3 obtained from linear regression (R2 = 0.9999)
on known ketone polarizability as a function of number of alkyl group carbons [17]; an ion
gauge correction factor (6.4) for 5-nonanone based on α = 17 Å3 and the empirical method of
reference [8]; a pressure geometry factor = 0.55; an upper limit for the pseudo first order rate
constant (k' = 0.01/500 s-1 ) for the appearance of protonated 5-nanonone and a number density,
[N] = 4.6 x 107 molecule cm-3 of neutral 5- nonanone. The proton transfer reaction efficiency (η)
is defined as, η = k'/{[N]*kL} = 2.2 x 10-4 , using a Langevin collision rate constant, kL = 2 x 10-9
cm3 molecule -1 s-1 . Based on the estimated reaction efficiency (η = 2.2 x 10-4 ), an endoergocity
{∆G ≈ -RTln(η)} of ≥ 5 kcal mol-1 for proton transfer reaction is estimated [13]. Therefore,
excluding minor entropy contributions to ∆G, the PA of α-pinene is estimated to be ≥ 209 kcal
mol-1 .
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Estimate of the Upper PA Value for Camphene:
Figure 4 shows the reaction of SWIFT isolated protonated camphene (at m/z 137, ), with N-Ndimethylformamide to yield initially protonated N-N-dimethylformamide (at m/z 74, ) and
subsequently an association product ion at m/z 147 (the proton bound dimer of N-Ndimethylformamide, ). Thermalized protonated camphene was isolated 50 s after the EI event.
Protonated camphene proton transferred to N-N-dimethylformamide (PA = 212.1 kcal mol-1 ) at
near unit efficiency (k = 1.1 x 10-9 cm3 molecule-1 s-1 ). In the absence of activation barriers, this
observation suggests that the PA of camphene is = 211 kcal mol-1 .

In the PT reaction of protonated camphene with N-N-dimethylformamide (PA = 212.1
kcal mol-1 ), about 0.15 of the protonated camphene was unreactive. The unreactive protonated
camphene component noted here and elsewhere (see Table I, Reaction # 12) could have resulted
if the SCI protonation exothermicity were sufficient to isomerize the camphene. For example,
protonated camphene at the secondary alkene carbon (e.g. by a low mass fragment ion such as
C3 H7 + of high Brönsted acidity - PApropene = 179.6 kcal mol-1 ) could yield a new conjugate base
with a higher PA than that of N-N-dimethylformamide. Similar isomerization phenomenon has
been observed in the protonation of 1,3,5-cycloheptatriene by strong Brönsted acids [12].
Proton Transfer Reactions between α -Pinene and Camphene Using Isotopic Tagging:
It is impossible to observe directly the proton transfer from one protonated terpene (at m/z 137)
to another isomeric terpene by FT-ICR MS. In other words, the protonated product ion (m/z =
137) would have an identical mass as the protonated reactant ion (m/z = 137), and thus, mass
spectrometry could not be used to differentiate the ions apart. One way to overcome this
limitation is to use natural isotope abundance “tagging” of the reactant ion. This approach has
been elegantly demonstrated in the FT-ICR MS experiments of Kleingeld and Nibbering [18] to
elucidate the SN2 displacement reaction mechanisms of CH3 18 OH2 + (18O protonated methanol)
with natural methanol to give protonated dimethylether (at m/z 47 or 49) and water.
In a series of experiments, α-pinene and camphene were ionized by a ~ 10 ms 24 eV
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electron pulse event soon after the initial 3 ms pulsed valve terpene sample introduction. The
additional pulsed valve terpene introduction events (up to 10 s in duration) after the EI event
were used to promote extensive SCI. Major camphene SCI products included ions at m/z 81 and
137. The SWIFT isolated ions at m/z 138 (i.e.,

13

C1 isotopically tagged protonated terpene

molecules) were allowed to proton transfer with either camphene or α-pinene neutrals to give
protonated camphene or α-pinene at m/z 137. A summary of the experimental results is provided
in Table I (reaction #s 18-21).
Figures 5a and 5b show a 24 eV electron impact ionization and SCI mass spectra of αpinene, respectively. Shown in Figure 5c is a mass spectrum of cleanly SWIFT isolated m/z 138
(13 C1 isotopomer of protonated α-pinene of low relative abundance) from the mass spectrum
shown in Figure 5b. Selected experimental details for Figure 5 are as follows: (a) 24 eV EI at 0-3
ms, PV (pulse valve sample introduction) at 0-3.5 ms and detect at 5 s, (b) PV1 at 0-3 ms, 24 eV
EI at 500-510 ms, PV2 at 511-10511 ms (α-pinene P ~ 1 x 10-6 torr) and detect at 20s and (c)
same as (b) except SWIFT isolate m/z 138 at 35-37 s and detect at 40 s. In Figure 5a, the peak at
m/z 137 is ~ 15% of the abundance of the peak at m/z 136 (C 10 H16 .+) which is slightly higher
than the natural isotopic abundance of 11% expected for 10 C atoms. This implies that about
25% of the peak at m/z 137 is protonated α-pinene (C 10 H17 +) whereas the remaining 75% is the
C1 isotopomer of M.+ (13 C1C9 H16 .+). The α-pinene SCI mass spectrum shown in Figure 5b has

13

m/z 137 (protonated α-pinene) as its base peak in addition to higher mass products at m/z 217,
[2M + H – C4 H8 ]+, and m/z 273, [2M + H]+ from associatio n reactions. The molecular cation
(M.+) at m/z 136 is still a major peak in the α-pinene SCI mass spectrum shown in Figure 5b.
Figure 5c demonstrates the unique capability of FT-ICR MS that allows SWIFT isolation of the
m/z 138 ion from within a complex mixture of ions shown in Figure 5b.
Minimal Ion Cooling on PT Reactions between α -Pinene and Camphene:
Figure 6a shows that ~ 40% of the protonated

13

C1 α-pinene population () SWIFT isolated ~

3.2 s after the EI event yielded protonated camphene at m/z 137 (). Another ~ 25% yielded
products ions at m/z 121 (), 217 () and 273 () and remaining ~ 33% were inert. The total
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rate constant was 1.6 x 10-10 mol cm3 molecule-1 s-1 (reaction # 18, Table I). The α-pinene m/z
137 reacted further with the neutral camphene to produce an association product ion at m/z 273
[(Camphene)2 + H]+ at an apparent bimolecular rate constant of 1.8 x 10-11 mol cm3 molecule -1 s1

and a condensation product ion at m/z 217 [(Camphene)2 + H – C4 H8 ]+. In contrast, Figure 6b

shows the reaction of camphene with protonated

13

C1 α-pinene (m/z 138, ) SWIFT isolated ~

1.4 s after the EI event. Only 35% of the camphene (m/z 138) proton transferred to give
protonated α-pinene (m/z 137, ) at a rate of 3.3 x 10-10 cm3 molecule-1 s-1 (reaction # 21 in
Table I). Most of the SCI reactions of α-pinene (Figure 6a) and camphene (Figure 6b) take place
within the first 100 s of the ion-molecule reaction delay time. Trends for the SCI decay of
protonated camphene and protonated α-pinene in Figure 6, closely resemble the observed
metastable decay curves for camphene at m/z 136 ([2], Figure 2). DFT calculations place the PA
of α-pinene approximately 1 kcal mol-1 higher than camphene [3]. Proton affinity considerations
and the appearances of the SCI and metastable decay curves strongly suggest the presence of
excited state species. Comparison between the PT and other reactions of protonated
of the terpene isomers in Figure 6 shows that the protonated

13

13

C1 species

C1 α-pinene contains larger

population of reactive components.
The Effect of Collisional Cooling on PT from α -Pinene to Camphene:
Figure 7 shows the effect of collisional cooling using neutral α-pinene for 10 s at an indicated
pressure of ~ 1 x 10-6 torr prior to SWIFT isolation of α-pinene m/z 138 (, reaction # 20 in
Table I). The

13

C1 protonated α-pinene (SWIFT isolated ~ 37 s after the EI event) shows only

approximately ~ 20% reactive PT component to give protonated camphene (m/z 137, ). The
protonated camphene (m/z 137) is the sole product ion at a bimolecular rate constant of 2.8 x 1010

cm3 molecule -1 s-1 (reaction # 20, Table I).

Interpretation of the PT Reaction Results:
Based on PT reactions between camphene and α-pinene, it is difficult to ascertain whether
camphene or α-pinene has the higher proton affinity. Interpretation of the experimental results is
complicated due to the: (a) presence of unreactive

13

C1 protonated terpene isomers, (b) SCI by
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different fragment ions in the EI mass spectrum of varying Brönsted acidities, (c) presence of
multiple protonation sites, (d) potential isomerization of the protonated terpenes by neutral
collisions, and (e) potentially slow proton transfer reaction kinetics between carbon bases.
Hence, the proton transfer rate constants may not be useful to calculate a ∆G for the proton
exchange reactions in either direction between camphene and α-pinene. In the absence of
reaction barriers, the PT reaction rate efficiencies of < 0.2 imply a gas phase basicity difference
of ~ 1 kcal mol-1 [13] between the conjugate bases of the reactive (nonthermalized) components
of 13 C1 protonated α-pinene and camphene populations.
Association Reactions:
In addition to proton transfer reactions of the isolated fragment ions of α-pinene and camphene
to give protonated species, a number of condensation (e.g., reaction #4 in Table I) and
association (e.g., reaction #s 9, 13 and 19 in Table I) reactions were observed at longer reaction
delay times. A brief overview is provided below on selected association reactions.

Protonated ketene (a fragment ion of acetone), m/z 43 (acetyl cation) reacted with
acetone to give an intermediate at m/z 59 (protonated acetone) and a terminal product ion at m/z
117 (the proton bound acetone dimer). The association rate constant of 8.1 x 10-12 mol cm3
molecule-1 s-1 obtained for the reaction of protonated acetone with acetone association reaction in
our work [2] is in agreement with the FT-ICR Kofel and McMahon value of 9.2 x 10-12 cm3
molecule-1 s-1 [19]. Protonated N-N-dimethylformamide (m/z 74) reacted with N-Ndimethylformamide to yield the proton bound dimer of N-N-dimethylformamide (m/z 147). An
apparent bimolecular association rate constant of 1.7 x 10-10 cm3 molecule-1 s-1 was calculated for
dimer formation of N-N-dimethylformamide (see Figure 4).
In the case of protonated pyrrole (PA = 209.2 kcal mol-1 ) with camphene (PA ~ 210 ± 2
kcal mol-1 ) or protonated camphene with pyrrole, an association product ion at m/z 204 was
observed (data not shown). Also, less than 0.05 of the protonated species underwent proton
transfer in 500 s reaction time. “Hotter” protonated pyrrole, camphene (or α-pinene) reacting
with either camphene (or α-pinene) produced more association product ions at m/z 204 [Pyrrole
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+ Terpene + H] + or 273 [(Camphene)2 + H]+ than “cooled” ions (e.g., compare Figures 6b and 7).
This observation suggests the presence of an entrance channel barrier for the formation of the
association product ions as only hotter reactant ions yielded condensation and association
product ions. The pressure dependence on the apparent bimolecular rate constants was not
undertaken here to determine the radiative lifetime of the initially formed ion- molecule
association complex.
Terpene SCI Simulation Model and Comparison with Experiment:
SCI Experiments:
A series of α-pinene and camphene SCI mass spectra using two reaction pressures of 3.5 x 10-8
and 7.0 x 10-8 torr were acquired at variable reaction delays (100 ms to 200 s). Figure 8 shows
the m/z 137 to m/z 136 ratio (Rsci) as a function of reaction delay time for SCI mass spectra
acquired at a pressure of 3.5 x 10-8 torr for both α-pinene ( ) and camphene ( ). Also, shown in
Figure 8 are the SCI modeling results (dashed line for α-pinene and solid line for camphene).
Details of the SCI modeling approach are discussed in the next section. Experimental results
showed that camphene was more reactive than α-pinene toward SCI; this is consistent with our
previous GC/FT-ICR MS results on SCI based differentiation of α-pinene and camphene [1]. At
short reaction delays (t < 15 s), the α-pinene SCI mass spectra showed higher abundance of
association ion- molecule product ions (at m/z 217 and 273) than camphene (for example, see
Figure 5b). On the other hand, the camphene SCI mass spectra showed major SCI ions at m/z 81
and 137; the association product ions at m/z 217 (m/z 81 with camphene) and m/z 273 (m/z 137
with camphene) appeared at longer reaction delay times (t > 50 s).

SCI Modeling Procedure:
A one step (scheme 1, equation 4) and a two step (scheme 2, equation 5) type pseudo first order
irreversible exponential decay kinetic schemes were used to calculate the low mass resolution
m/z 137 to m/z 136 ratio (Rsci, equation 9). Calculations were carried out for fragment and parent
ions to model α-pinene and camphene SCI as a function of pressure (P) and ion- molecule
reaction delay time (t). The modeling was performed using Microsoft Excel (Microsoft Office
2003).
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To reduce the computational complexity, we classified the peaks in the mass spectrum
into two main categories, viz., all observed fragment ions as one fragment ion fraction (F0 ) and
the molecular ion fraction (M0 ) the other category. The values for F0 (ΣFi at t = 100 ms) and M0
were assigned from the FT-ICR (24 eV, detected 100 ms after the EI event) mass spectral peak
abundances; total of the two ion population fractions makes up 100% of the observed ions in the
mass spectrum (i.e., F0 + M0 = 1.0).
Each fragment ion either has two or three components or reaction channels. Namely, a
proton transfer reactive fraction (Rp ) to give protonated terpenes at m/z 137 (P137 (t), equation 4),
a charge exchange reactive fraction (Rc) to yield terpene molecular io ns at m/z 136 (M136 (t),
equation 6), and an unreactive component (1- Rp - Rc). The kinetic results obtained on the study
of the ion-molecule reactions of m/z 93 and m/z 121 were used as a guide to assign reasonable
starting values to Rp and Rc, the proton transfer (kp ) and charge transfer (kc) rate constants. An
iterative process was then used to vary the initial values to improve the match between the
experimental results and model predictions. The best fit values for all kinetic parameters
obtained in our modeling are shown in Table III and are in general agreement with experimental
results shown in Table I.
In the 24 eV EI mass spectra of α-pinene (see Figure 5a) and camphene (e.g., Figure 4a
in reference [1]), m/z 93 is the base peak and m/z 121 is less abundant. The MS Excel
calculations (equation 4-9) were formulated in terms of reaction time constants as input (e.g., τx
in equations 4-9). The pseudo first order time constants τp and τc for proton and charge transfer
reactions were calculated at a specified terpene pressure reading using equation 3 at an ICR cell
temperature of ~ 23° C. The appropriate chemical sensitivity (9.0 for both α-pinene and
camphene) and pressure geometry (g = 0.55) factors were used to correct the experimental value
for the pressure before using it in the model. Equations 4-9 were used to calculate contributions
to m/z 136 and 137 from F (i.e., all fragment ions) and M (i.e., molecular cations) population
fractions. For example, the yield of m/z 136 from the fragment ions was calculated using
equation 7. In part A of this series [2], we showed that the molecular ions of α-pinene do not
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yield significant amount of SCI product ion at m/z = 137. It was observed that the molecular ions
of camphene produced SCI product ions only via an intermediate reaction channel (136.+* ? 94.+
? 137+) [2].

The camphene molecular ion had a metastable component (Rm = 0.68) with a time
constant (τ u = 20 s) to yield m/z 94 as the major product ion. The metastable product ion at m/z
94 reacted with camphene at a rate of 1.7 x 10-9 cm3 molecule-1 s-1 to give protonated camphene
at m/z 137 [2]. The yield of m/z 94, I94 (t), is calculated using equation 7. The total yield of m/z
137 was calculated using equation 8 that includes the 13 C1 isotopomer contribution from m/z 136
(0.11 abundance of m/z 136). The term [M0 – M136 (t) - I94 (t)] in equation 8 is the yield of m/z
137 produced from m/z 136 of camphene. The terms {M136 (t) and I94 (t)} represent the relative
abundance of m/z 136 and m/z 94 at any time, respectively. A summary of the values for all
parameters used in the Rsci calculation is provided in Table III.
P137 (t) = Rp *F0 *(1- exp(t/τp ))

(Equation 4)

I94 (t) = Rm*M0 *[exp(t/τ u) – exp(t/τp94 )]*τp94 /( τu – τp94 )

(Equation 5)

M136 (t) = Rm*M0 *[1- exp(t/τu )]

(Equation 6)

C136(t) = Rc*F0 *[1- exp(t/τc)]

(Equation 7)

Pt137 (t) = 0.11*M136 (t) + I137 (t) + [M0 – M136 (t) - I94 (t)]

(Equation 8)

Rsci(t) = [Pt137 (t)]/[ M136 (t) + C136(t)]

(Equation 9)

Figure 8 shows the experimental (, ) and modeling (-----, ⎯⎯) Rsci(t) results for αpinene and camphene SCI, respectively. The uncorrected ion gauge pressure reading of 3.5 x 10-8
torr was corrected for chemical sensitivity and geometry factor to construct the modeling plots
shown in Figure 8. Both experiment (, ) and modeling (-----, ⎯⎯) clearly show that αpinene undergoes SCI less readily than camphene as monitored by Rsci(t). In addition, the
agreement between experiment and modeling is excellent. Additional set of experimental data at
experimental camphene and α-pinene pressure of 7.0 x 10-8 torr confirmed the validity of the
SCI model (data not shown in Figure 8). Our model did not include condensation, association
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and other ion- molecule reaction channels that may alter marginally the m/z 136 and m/z 137
abundances. Hence, at longer reaction delays (> ~ 15 s), the SCI model used here predicted
smaller camphene Rsci values compared to the experimental data.
CONCLUSIONS
The degree of α-pinene and camphene SCI depended on a number of factors, viz., electron
energy, reactant ion reactive fractions, ion acidities, neutral proton affinities, reagent pressure,
reaction time, whether the ions are “hot” or “cold”. These governing factors are all interrelated to
each other. The excited state acidity of a precursor ion plays a major role in determining the rate
of observed SCI. In principle and by considering the important physical processes that influence
gas-phase product distribution [20, 21], starting with the EI mass spectrum, one could calculate
an SCI mass spectral pattern.
FT-ICR MS can be used to differentiate GC eluted α-pinene and camphene isomers in
real time [1]. Ground and excited states of terpene isomers exhibit different reaction rates for
self-chemical ionization and unimolecular decay. Ion thermalization is an important
consideration in ICR to ensure reliable thermochemical and kinetics data interpretation.

In future work, we will perform energy resolved and SORI collisional activation
experiments on the mixed association protonated species (e.g., protonated camphene with pyrrole
and protonated pyrrole with camphene reactant combinations) to gain insight into the nature of
the proton transfer potential energy surface (PES). The proton affinities of camphene and αpinene are comparable. Thermokinetic method of Bouchoux [13] and FT-ICR equilibrium proton
transfer experiments combined with ab initio calculations should provide more accurate proton
affinity values. Based on our experimental results, the proton affinities of camphene and αpinene are conservatively estimated to be within the range ~ 210 ± 2 kcal mol-1 . Using a model
that considered various reaction channels of the parent and fragment ions, SCI characteristics of
α-pinene and camphene was computed as a function of pressure and ion- molecule reaction delay
time; the modeling results agreed with the experimental findings.

Page 19 of 24

Acknowledgments:
This material is based upon work supported by the National Science Foundation under Grant No.
CHE-0228971.

Page 20 of 24

FIGURE CAPTIONS
Figure 1. Temporal plots showing reactions of (a) α-pinene and (b) camphene fragment ions at
m/z 93 with their respective parent neutrals at P = 4.7 x10-9 and 4.8 x10-9 torr, respectively. The
reaction of α-pinene m/z 93 () with α-pinene yielded product ions at m/z 81 (), m/z 136
(molecular cation, ? ), m/z 137 and 138 (protonated α-pinene, ) and others (a number of low
abundance product ions at m/z 93, 95, 121 and 161 summed together as ). The reaction of
camphene m/z 93 () with camphene yielded produc t ions at m/z 137 and 138 (protonated
camphene including its 13 C1 isotopomer, ) and m/z 81 ().
Figure 2. Temporal plots showing reactions of (a) α-pinene and (b) camphene fragment ions at
m/z 121 with their respective parent neutrals at P = 5.0 x10-9 torr. The reaction of α-pinene m/z
121 () with α-pinene yielded only product ions at m/z 137 and 138 (protonated α-pinene, ).
The reaction of camphene m/z 121 () with camphene yielded product ions at m/z 137 and 138
(protonated camphene including its 13 C1 isotopomer, ), m/z 81 ( ) and m/z 257 ().
Figure 3. Estimating the proton affinity (PA) of α-pinene from the linear regression plot of
adiabatic IE vs. PA for alkenes: adiabatic ionization energies and proton affinities for labels 2 (αpinene), 5 (α-methylstyrene), 10 (styrene), 13 (methylenecyclopentane), 15 (i-butene) and 17
(propene) are provided in Table II.
Figure 4. Temporal plots for proton transfer reaction of protonated camphene (m/z 137, ) with
neutral N,N-dimethylformamide (NNDMF) to yield protonated NNDMF at m/z 74 () and an
association product ion at m/z 147 (, the protonated dimer of NNDMF). Note the unreactive
protonated camphene component and the formation of proton bound dimer of NNDMF (). The
neutral pressure was 4.4 x 10-9 torr.
Figure 5. Plots showing: (a) 24 eV mass spectrum, (b) SCI mass spectrum, and (c) cleanly
isolated m/z 138 (i.e.,

13

C1 C9 H17 +) of α-pinene. The peak at m/z 137 (~ 15% abundance of m/z

136, M.+) in (a) contains ~ 75%

13

C1 M.+ and ~ 25% [M + H]+ SCI product. Note the formation

of high mass ions at m/z 217 and 273, persistence of the molecular ion, M.+, at m/z 136 and the
low abundance of m/z 138, 13 C1 [M + H]+, in (b).
Figure 6. (a) Temporal plots for proton transfer reactions of "hot" (a)
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13

C1 protonated α-pinene

(m/z 138, ) with neutral camphene (MW = 136 amu) to yield product ions at m/z 121 (), m/z
137 (, protonated camphene), m/z 217 () and m/z 273 ([2M + H]+, ) and (b)

13

C1

protonated camphene (m/z 138, ) with neutral α-pinene (MW = 136 amu) to yield protonated
α-pinene at m/z 137 () . SWIFT isolation (of m/z 138) was 0.6 s after the EI event in Figures
6a and 6b.
Figure 7. A temporal plot of proton transfer reaction for “cooled” 13 C1 protonated α-pinene (m/z
138, ) reacting with neutral camphene to yield protonated camphene at m/z 137 () SWIFT
isolation (of m/z 138) was ~ 37 s after EI event. Ions were collisionally cooled with neutral αpinene at 1 x 10-6 torr for 10 s prior to ion isolation.
Figure 8. Experimentally observed (, ) and modeling prediction (___, ….) for the temporal
evolution of m/z 137: m/z 136 SCI ratio for α-pinene and camphene SCI, respectively, at a
pressure of ~ 3.5 x 10-8 torr.

TABLES
Table I. Summary of Kinetic Data for Ion Molecule Reactions
Table II. Literature Thermochemical Data Used in This Work
Table III. List of Parameters and Experimental Values Used to Model SCI
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α-Pinene

α-Pinene

α-Pinene

α-Pinene

Camphene

α-Pinene

NNDMF

Camphene

Camphene

Camphene

α-Pinene

α-Pinene

α-Pinene

α-Pinene

Camphene

Camphene

α-Pinene

Camphene

Camphene

α-Pinene

α-Pinene

Camphene

Camphene

α-Pinene

α-Pinene

Camphene

3

4

5

6

7

8

9

10

11

12

13

16 3-Pentanone

α-Pinene

2

14 4-Heptanone

Pyrrole

1

17

18

19

20

21

α-Pinene

Camphene

Camphene

Camphene

NNDMF

Mesitylene

5-Nonanone

Camphene

Camphene

Camphene

Reactant
Neutral
(PLV)

Ion
Precursor
Sample
(PV)

Rxn
#

138

138

138

138

68

87

115

137

137

137

137

121

121

121

93

93

93

93

93

93

Ion
Isolated
(mz)

PTR

PTR

A

PTR

PTR

PTR

PTR

A

PTR

PTR

PTR

A

PTR

PTR

C

PTR

IMR

C

CT

PTR

Reaction
Type

7.8E-09

1.6E-08

1.5E-08

1.5E-08

1.4E-09

1.1E-09

1.2E-09

4.4E-09

4.4E-09

5.0E-09

5.0E-09

5.0E-09

5.0E-09

5.0E-09

4.8E-09

4.8E-09

4.7E-09

4.7E-09

4.7E-09

4.7E-09

Reactant
Pressure
IG
(torr)

137

60.5

34

620

137 → 273
137

60

85

135

137, 217, 273

137

137

179

70

74 → 147
137

10.8

NR
74

121 not observed

NR

3500

121 → 257
143 not observed

29

56

24

81, 137

137

81

54

625

81 → Products
137

12

12

78

TC
(τ)
(s)

81

136

137

Primary Product Ions
or 2 nd Order Reaction
Observed
(m/z)
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3.3E-10

2.8E-10

1.8E-11

1.6E-10

1.3E-09

1.0E-09

7.2E-10

1.7E-10

1.1E-09

NR

NR

8.8E-12

1.1E-09

5.5E-10

1.3E-09

5.9E-10

5.2E-11

2.7E-09

2.7E-09

4.2E-10

Bimol.
Rate (k)
(cm3 molecule -1 s -1 )

0.35

0.23

0.67

0.67

0.03

1.00

1.00

0.86

0.86

0.00

0.00

0.85 (of m/z 121)

0.15

0.42

0.12

0.88

0.25

0.25 (maximum)

0.05

0.70

Reactive /depleted
Fraction of the Reactant
Ion or Branching Ratio
[A r+]0

Description

Association Reaction

Condensation Reaction

Charge Transfer Reaction

Ion Gauge - pressure readout, uncorrected for
chemical sensitivity or geometry factor
Ion-molecule Reaction

Bimolecular Rate Constant (molecules-1 cm3 s-1 )

Abbreviation

A

C

CT

IG

IMR

k

TC (τ)

PV

PLV

PTR

NNDMF

Abbreviation

Reaction Time Constant (s)

Pulsed valve introduction

Pulsed leak valve introduction

Proton transfer reaction

N,N-Dimethylformamide

Description

C6 H10
C8 H10
C4 H8

α-Pinene

Camphene

Pyrrole

α-Methylstyrene

2-Methylenenorbornane

5-Nonanone

2-Norbornene

4-Heptanone

Styrene

3-Pentanone

Mesitylene

Methylenecyclopentane

m-Xylene

i-Butene

Toluene

Propene

Benzene

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

78

42

92

56

106

82

120

74

104

114

108

143

108

118

67

136

136

73

Mol. Wt.
(nominal)

All data were taken from the NIST Chemistry Webbook (Reference 15).

C6 H6

C3 H6

C7 H8

C9 H12

(C2 H5 )2 C=O

C8 H8

(C3 H7 )2 C=O

C8 H12

(C4 H9 )2 C=O

C8 H12

C9 H10

C4 H5 N

C10 H16

C10 H16

(CH3 )2 NCHO

N,N-Dimethylformamide

1

Formula

Compound Name

Label
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9.24

9.73

8.83

9.22

8.55

8.70

8.4

9.31

8.46

9.10

8.1

9.07

NA

8.35

179.3

179.6

187.4

191.7

194.1

198.7

199.9

200.0

200.6

202.0

202.0

204.0

205.7

206.5

209.2

Not Available

≤ 8.86
8.21

Not Available

212.1

PA
(kcal/mole)

8.07

IE
(Adiabatic)
(eV)
9.13

Parameter
P
M0
F0
Rp
kp
τp
Rc
kc
τc
Rm
τu

s

cm3 molecule -1 s -1
s

cm3 molecule -1 s -1
s

Units
torr

Camphene
3.5 x 10-8
0.08
0.92
0.80
5.7 x 10-10
7.7
0.0
----0.68
20

α-Pinene
3.5 x 10-8
0.09
0.91
0.55
2.8 x 10-10
15.5
0.15
2.0 x 10-9
2.2
0.0
---

Parameter Description
Ion Gauge Pressure Reading (P)
Molecular Ion Abundance (M 0 )
Total Fragment Ions Abundance (F0 )
Fragment Ions Proton Transfer Reactive Component(Rp )
Fragment Ions Proton Transfer Rate Constant (kp )
Fragment Ions Proton Transfer Time Constant (τp )
Fragment Ions Charge Exchange Reactive Component (Rc )
Fragment Ions Charge Exchange Rate Constant (kc)
Fragment Ions Charge Exchange Time Constant (τc)
Molecular Ion Metastable Component (R m)
Molecular Ion Metastable Decay Time Constant (τu )
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